An investigation of transmission line switching and frequency shifting in dipole antennas using optically activated silicon switches by C.J. Panagamuwa (7201922)
University Library 
•• L0l!ghbprough 
., Umverslty 
Class Mark -r ..................................................................... 
Please note that fines are charged on ALL 
overdue items. 
FOR REFERENCE ONLY 
I lill~I~~ ilmilllllllllllllllllllll~ : 
An Investigation of Transmission Line Switching and Frequency 
Shifting in Dipole Antennas Using Optically Activated Silicon 
Switches 
by 
Chinthana Jayampathi Panagamuwa, MEng 
A Doctoral Thesis submitted in partial fulfilment of the requirements for the award of 
Doctor of Philosophy of Loughborough University 
. -" -~-----'-. -_ .. -~-., .~--r~' .... ,... I 
: ·\,<,.··t~I.::-'.'~~ :~"".:l\ i ',;/;~·t;"i~~d \!.:»" ! 
i,; ·'·',:,.~<iJ n'.'l~ln';:l'~ ._._ J 
._,,,,,.- ~.~- ... ---.--•.•• -- I 
, ; j 1 
I Novembe:_~~O~::l 
~ .,~- .... ,.,~-.. -."--- I 
",'} ,"} \ 
, 
t, .. , .. - .. -'"' -.--- "~-'-""""~,'l 
; , 
\ • 1 . . ' 
© by Chinthana! Panagamiiwa, 2004 
• 
U Loughborougb 
University 
. Pilkin~'1on Library 
-
Date SE-PT. ZOOS 
Class .,-
~: OLf031\SQlf1 
To my Mother and Father 
'.~' 
Abstract 
With the rapid expansion of wireless communication services such as Bluetooth and 
Wireless Local Area Network (WLAN), the ability of the antenna in a 
communications device to cover multiple bands is growing in importance. Using 
many antennas to cover an ever increasing number of bands is becoming impractical 
with restrictions imposed by available space and cross-interference. It is in this 
environment that frequency reconfigurable antennas are becoming a more attractive 
option. Much work has already been presented on tuneable antennas using varactor 
diodes, PIN diodes and more recently MicroElectroMechanical Systems (MEMS) 
devices, but each of these solutions require metal biasing lines that may interfere with 
the radiation patterns and can suffer from low power handling capabilities. 
In this study, a novel approach is presented where near infra-red light delivered 
through glass fibre optic cables is used to activate simple photoconductive switches 
embedded in a planar dipole antenna. Engaging the switches, the length of the dipole 
is changed, forcing the antenna to resonate at a different frequency. The use of glass 
, 
fibres reduces interference to minor dielectric loading and gives perfect electrical 
isolation from the switch. 
The investigation begins by examining the relationship between the free carrier 
density, the complex permittivity and the electrical conductivity of n-type doped 
silicon. A switched transmission line is then modelled with a silicon switch whose 
properties are dictated by the derived equations. This allows the various optical 
powers used in switching to be tabulated against effective conductivity values An 
equivalent circuit of the switched transmission line is produced to help explain the 
observed changes with increasing optical intensity. The switch design is finally 
transported to a printed dipole antenna where simulations are performed with 
previously tabulated conductivity values. Good agreement is observed with measured 
results, giving a resonance frequency shift of nearly 30% and beam scanning 
capability. 
Keywords: Frequency reconfigurable dipole antenna, silicon switched transmission line, complex 
permittivity, CPW-CPS balanced transition. 
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Chapter 1 
1 Introduction to frequency reconfigurable antenna 
1.1 Background 
Reconfigurable antennas bring benefits to many kinds of RF TxIRx systems. For 
example in the communications industry, the number of standards (GSM900, 
DCS1800, PCS1900, UMTS, Bluetooth etc) are continuously increasing and so a 
simple cost-effective solution that can cover all the necessary bands is a very 
attractive proposition. In a mobile handset, space is at a premium and so using many 
antennas becomes unviable. A single passive antenna resonating at all the required 
frequencies with the necessary bandwidths is the ideal option [1, 2] but with an ,-
increasing number of standards to cover, this becomes more difficult to achieve. 
Broadband antennas could cover the required bands but can suffer from poor gains 
and radiation pattems at the required frequencies. An increasingly more attractive 
solution is to use a frequency reconfigurable antenna. These antennas use active 
devices embedded within the structures to tune resonance frequencies to a number of 
different bands making savings in space, weight and design complexity. 
Military applications can also benefit from reconfigurable antennas. Naval vessels are 
often overcrowded with antennas for communications and radar systems. 
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Reconfigurable antennas could combine many functions into one and reduce the 
number of antennas required, again making savings in space and weight. 
Reconfigurable antennas are without doubt an attractive solution to multiband 
frequency coverage. The research presented in this thesis examines the field of 
frequency reconfigurable antennas along with the photoconductive properties of 
silicon with a view to developing a novel optically controlled reconfigurable antenna. 
1.2 Concept of frequency reconfigurable antenna 
The concept of a frequency agile patch antenna is not a new one. During the early 
stages of patch antenna design, researchers experimented with making permanent 
changes to the basic patch antenna shape to obtain different polarizations and shifts in 
operating frequency. Altering the dimensions was done by altering the length of the 
patch, by removing some of the conductor from the centre of the patch or by placing 
small tabs of conductor along the edges of the patch. Pozar showed how the resonant 
frequency of a patch might be adjusted, by placing a tuning stub on one edge of a 
patch antenna, with the achievable tuning range dependant on the length and width of 
the stub [3]. Du Plessis and Cloete introduced two stubs on to a rectangular patch 
antenna at opposite radiating edges and thereby optimised both the resonant frequency 
and input impedance [4]. This method, however well suited for fine-tuning, only 
allows one way, non-repeatable adjustment, in that it involves the physical shortening 
of stubs by trimming away metal. 
A new technique for tuning micro strip antenna emerged in the late 1970s. This 
involved shorting posts that connected the patch antenna above the substrate to the 
ground plane below. Shorting the antenna to ground has either a constructive or 
destructive effect on the various modes present, thereby changing the resonant 
frequency and/or polarization. Schaubert et al. demonstrated this very technique in 
1981 [5]. He achieved frequency control by placing shorting posts at appropriate 
locations within the antenna's boundaries. By changing the number and location of 
the posts, the operating frequency was tuned, and the polarization was changed from 
horizontal to vertical, right-hand circular, or left-hand circular. 
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These attempts at frequency tuning soon led to many novel designs being proposed 
where frequency control was achieved through active components. Most designs use 
electronically or optically activated switches imbedded within the antenna structure to 
facilitate changes in the physical dimensions of the antenna, thus tuning its resonance 
frequency. Some short the radiating elernent to ground using switches to create new 
modes. Some designs rely on the photoconductive properties of semiconductors to 
generate the whole antenna structure using an electron-hole plasma [6]. Others 
reactively load antennas, changing the electrical length and so gaining frequency 
shifts. 
1.2.1 Diode method 
With the development of different kinds of diodes (for example PN diodes, PIN 
diodes and Varactor diodes) a number of different antennas were presented that take 
advantage of their unique properties. 
In 1983 Schaubert et al. patented a patch antenna that used switch diodes as shorting 
posts, enabling electronic control of the resonant frequency [7]. Figure 1-1 shows 
how the diodes were used as shorting posts. The diodes were coupled to the ground 
plane by RF bypass capacitors and coupled to an external bias circuit by RF chokes to 
prevent RF feeding into the external bias circuit. By varying the locations of the 
switching diodes, a frequency shift from 1.47GHz to I.72GHz was achieved where 
the VSWR was below 1.6. Embedding diodes inside the substrate complicates the 
simple planar patch antenna design and the inclusion of metal cables in such close 
proximity to the patch antenna will interfere with its radiation pattern. 
3 
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Switching diodes RF bypass capacitors 
RF chokes -
Bias Circuit 
Figure 1-1 Patch antenna with switching diodes [71 
1.2.1.1 PIN Diodes 
A PIN diode is a device made by sandwiching an intrinsically pure semiconductor 
wafer between a P-type layer and a N-type layer. The combination of the three layers 
make up a diode that operates as a variable resistor at RF and microwave frequencies. 
The resistance value of the PIN diode is determined only by the forward biased direct 
current (DC). Increasing the forward current, pumps more charge carriers into the 
intrinsically pure middle layer, thus reducing its resistance. 
A number of general antenna designs utilising PIN diodes for frequency hopping are 
presented in the literature [8 - 11) and more specifically for mobile handsets with 
planar inverted F-shaped (PIFA) antennas [12 - 13). Luxey et al. achieve dual-band 
operation of a capacitively coupled patch antenna fed by a CPW [8). Two PIN diodes 
inserted in the excitation slot reduce the coupling length of the slot in their ON state. 
A frequency shift from 3.51GHz to 4.28GHz is achieved with good return loss. The 
presented E-plane radiation patterns show asymmetry and dips at boresight, measured 
in the PIN diode OFF state. 
Another frequency reconfigurable design, involving a CPW-fed slot antenna 
incorporating eight PIN diodes is presented by Laheurte [10). The slot antenna is 
shaped like a dipole and has four equally spaced PIN diodes on each side segmenting 
the two anns. Switching on different combinations of diodes causes frequency shifts 
4 
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from 2.96GHz to 7.96GHz in four steps. The E-plane radiation patterns for a number 
of the switched frequencies are asymmetrical and show ripples attributed to ground 
plane truncation. 
When the reverse bias is applied to a PIN diode to achieve the OFF state, it generally 
has a poor isolation because of its high parasitic capacitance [14]. This capacitance is 
nonnally tuned out by using an inductor, but this makes the switch narrow band. 
Also, when a large RF signal is applied to a PIN diode, its rectification introduces a 
new DC component. This has an undesired effect on the biasing conditions. To 
prevent this, the reverse bias voltage must always be larger than the RF peak signal 
voltage. Therefore with increasing RF powers, there has to be a corresponding 
increase in the reverse bias voltage, as high as -30 volts in some cases. PIN diode 
solutions are nonnally reserved for low power applications. 
1.2.1.2 Varactor diode method 
Where as PIN diodes change their resistance with applied current, Varactor diodes are 
able to change their capacitance depending on the biasing voltage. In 1982, Bhartia 
and Bahl achieved frequency agility with a microstrip patch anteuna loaded with 
varactor diodes [15]. In their design, two varactor diodes were embedded inside the 
dielectric, each one connecting the antenna to the ground plane below. As the reverse 
bias level of the diode was increased, its junction capacitance decreased and the 
resonant frequency of the loaded patch increased, until it equalled that of the unloaded 
patch. The efficiency of the antenna is a function of the bias voltage applied to the 
diodes because of the power dissipated in them. The efficiency varied from 95% at 
high reverse bias to about 30"10 at low bias. This technique allowed a frequency 
tuning range of about 30%. 
5 
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Since its conception in 1982, varactor diode loaded microstrip patch antennas have 
been thoroughly investigated [16 - 21]. Haskins and Dahele developed a microstrip 
patch antenna loaded with varactor diodes that were individually biased [18]. This 
allowed independent control of the resonant frequency and input impedance. Test 
results showed that the resonant frequency could be varied by 100MHz while keeping 
the input impedance at 50n ± In. Chang et al. applied varactor diode tuning to a 
CPW fed CPS dipole antenna, to achieve dual-frequency operation [19] (see Figure 
1-2). The different capacitive loadings produced by the varactor diodes correspond to 
various electrical lengths of the dipole antenna, and thus different resonant 
frequencies. 
(+) CPW lapered 
trans, dipole 
L CPW .1. imp .. 1 balun .1. CPS 
I I I I 
'h 
'L,. Varactor ~ 
?% ~1 
(-) 
~ 4 J v.;' 
'" r.~ 
6 J6 
Q;: ~~ 
,%7.' Varactor ~ 
Figure 1-2 - CPW fed CPW dipole antenna loaded with varactor diodes 119) 
The dual-frequency tuning provides fast tuning and switching over a wide frequency 
range, but requires a biasing voltage of -30 volts. The biasing lines in close proximity 
to the dipole arms may also act as secondary radiators. The radiation patterns 
presented show an asymmetrical figure-of-eight for the dipole which could be 
attributed to these lines. 
6 
Introduction to frequency reconfigurable antenna Chapter 1 
Varactor diodes have also been applied to microstrip patch antennas with different 
feeding mechanisms in an attempt to produce frequency agility. Turki and Staraj have 
designed a shorted patch antenna fed by an open circuited CPW [20]. Starting at a 
frequency of 4.250Hz when there is no bias voltage applied, the resonant frequency 
shifts by about 300MHz when the biasing voltage is increased to 25 volts. 
Staraj et al. also produced a varactor diode loaded antenna fed by an open circuited 
CPW [21]. Theirs was a three-layer design in the shape of a's' and is shown in Figure 
1-3. The S-antenna operates at two frequency bands, 1.50Hz and 2.20Hz. By adding 
the diode, the second resonance frequency decreased to 1. 70Hz, allowing the DCS 
1800, PCS and UMTS bands to be covered. By biasing the diode with a DC voltage 
up to 32 volts, a tuning frequency range of 500MHz was obtained with a constant 
bandwidth of 60MHz. This bandwidth and frequency range allows coverage of DCS 
1800, PCS and UMTS sacrificing uniplanar design. 
upper stack 
varactor diode 
100mm 
lower stack 
short circuit 
plane 
100mm 
Figure 1-3. - Frequency agUe S-antenna for DCS 1800, PCS and UMTS 1211 
The extensive research carried out on antennas loaded with varactor diodes has 
showed that large shifts in frequency can be achieved. Most recent designs have 
achieved frequency agility in excess of 800MHz, all be it with very low antenna gain 
[21]. Undoubtedly, varactor diodes will continue to be used in novel new antennas, 
each time trying to improve efficiency, gain and bandwidth. Currently, the high 
voltages required to bias varactor diodes act as a major hindrance against integrating 
these antennas into mobile tenninals. Varactor diodes become markedly less efficient 
7 
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at low bias voItages and the close proximity of biasing cables to the radiating surfaces 
can cause anomalies in the radiation patterns. 
1.2.2 MEMS Method 
In recent years, applications using Microelectromechanical-system (MEMS) switches 
have seen an exponential growth. For example, phase shifters [22] and optical 
networks [23]. MEMS- are miniature mechanically actuated switches that are 
activated by electrostatic currents supplied via two biasing lines. A new offshoot of 
this technology is the RF MEMS switch [24, 25] which is increasingly being used in 
reconfigurable antennas [26 - 33]. They generally have very low insertion loss in the 
ON state and very high isolation in the OFF state, but suffer from poor power 
handling capability, poor lifetimes and high packaging costs. As with PIN diodes and 
varactor diodes, MEMS switches also require two metallic biasing lines and so should 
suffer the same handicap of causing interference to radiation patterns. However, as 
they operate on high voItages and little or no current the bias lines are generally high 
resistance making them easier to integrate into antennas. Hsu et al. [30] patented a 
dipole array antenna utilizing optically activated MEMS on the dipole arms to enable 
frequency switching. Biasing voltages of up to 75 volts were generated using optical 
illumination of photo-voltaic cells to actuate the MEMS. Although this design would 
give good electromagnetic isolation, no measured results were provided to verify this. 
In fact in general, many of the designs presently available are in early development 
stages and so only give simulated antenna designs that do not take into account the 
complexities of bias lines and the effects they may have on radiation patterns [27- 31]. 
1.2.3 Optical method 
Over the past decades, a number of different kinds of optical switches have been 
developed. As well as the standard _ photothyristors, phototransistors and 
optoelectronic switches, these also include FETs, PIN diodes and even MEMS biased 
using photo-voltaic cells. Over the years these devices have been incorporated into 
antennas to achieve frequency reconfigurability with good electromagnetic isolation. 
8 
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Daryoush, Herczfeld and Rosen patented a optically controlled planar monopole 
antenna in 1988 [34]. The antenna is shown in Figure 1-4. The monopole is made up 
of three sections. Two photosensitive semiconductor PIN diodes are used to bridge 
the gaps between the elements. The resistance and capacitance of these diodes change 
when illuminated with light of certain wavelength and intensity. The diodes are 
switched using fibre optic cables connected to controllable light sources. By 
switching different pin diodes, the physical length of the monopole changes and so the 
antenna can be made to resonate at different frequencies. The light generator 
produces white light with an intensity of one watt per square centimetre. The 
photoconductive pin diode forward junction potential is O.65V. At low optical 
powers, a O.5V bias voltage has to be applied through the RF feed line so that 
illumination only has to generate a small voltage increase to switch the pin diode ON. 
fibre 0 ic cable light 1=============99.. 
light I===~~ 
Figure 1·4 - Printed monopoie antenna with opticaUy controUed pin diodes [34) 
9 
Introduction to frequency reconfigurable antenna Chapter I 
In 1992, Freeman et al. described another practical demonstration of an 
optoe1ectronically reconfigurable monopole antenna [35]. Where as the antenna 
designed by Daryoush et al. [34] was printed on a substrate, this design is a free-
standing structure. Two segments of monopole antenna, placed in series with one 
another, are connected together using an optoelectronic switch. The device used to 
bridge the two segments of the monopole was a high-gain GaAs interdigitated 
optoelectronic switch which was limited to a peak RF voltage of I volt. Light is 
transmitted through an optical fibre to activate the switch. The configuration of the 
monopole and the results from both simulations and test are shown in Figure 1-5. 
0 
-5 
-10 
IS111.dB 
-15 
-20 
-25 
0 
o data, laser off 
+ data. laser on 
+ 
+ 
200 
• 
o ~ 
• • ~ 0 ~I 
~ : 
~ ! 
• • 
• • 0' • ~ . 
• 
• 
• , 
• 
• ,
40 
frequency, MHz 
+ 
+ 
600 
model. R = 5 Kohms 
- model, R = 50 ohms 
Monopole 
- anlenna 
Swilch 
Fib,. 
optic 
oable 
Ground-+,T,-
plane feed 
800 
Figure 1-5 - Optically switched monopole antenna with simnlation and test results [35J 
I 
When the optoelectronic switch is illuminated it is in a low resistance state 
(effectively short-circuited at 50 Q) and when dark, is in a high resistive state 
(effectively open circuited at 5 kQ). When the laser is OFF, the outer monopole 
segment is disconnected and the antenna resonates near 400MHz. When the laser is 
on, the monopole doubles its length and so resonates at 200MHz. The results are 
generated using a Srn W laser and they agree with the simulation results. There is a 
correlation between the optical power of the laser and the resistance of the switch in 
the ON state. The gain is highest at low optical powers where little light is needed to 
significantly change the resistance. The device capacitance of 15pF would present a 
dark impedance above IkQ up to 10GHz. 
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When a 1 Om W laser illuminated the switch, the antenna gain improvement at 
200MHz was +12dB while the gain at 375MHz decreased by 8dB. The antenna 
patterns did not change with optical power at these resonances. 
This design achieves good frequency shift with very low optical powers, all be it 
using a large antenna in the megahertz range. The optoelectronic switch is incapable 
of handling RP signal levels above 1 volt and has a complex design (interdigitated 
fingers) requiring doping, etching and coating deposition only provided by a foundry 
[36]. 
Other structures include a photoconductive bow-tie antenna that is generated by laser 
beams delivered through a light waveguide system [37, 38]. An optical power density 
of lW/crn2 is needed to generate the antenna on a semiconductor substrate. When 
light is removed, the antenna disappears leaving behind only a semiconductor 
substrate that is transparent to electromagnetic radiation. This makes the design 
attractive for array antennas but has the complexity of integrating the light waveguide 
and the optical fibre aligning mechanism. 
In [39], light from a camera flash is shone through a mask shaped to fonn an image of 
a bow-tie antenna onto a silicon substrate. The instantaneous metalization of the 
illuminated area creates an antenna. Control over the resonant frequency and 
radiation patterns is achieved through changing the shape of the mask. Although very 
simple in design, the antenna is only present for the duration of the camera flash and 
mechanical operation of the mask will be needed to implement any changes to the 
antenna shape. 
These optically activated antennas all benefit from having good electromagnetic 
isolation but also impose some limitations. Some can only operate at low RP powers, 
while others use optoelectronic switches that require complex etching processes to 
manufacture. 
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1.3 Advantages of optical tuning 
Electronic antenna tuning methods presented in the literature [7-33] all require some 
form of metallic wires for applying biasing voJtages or currents. Although decoupling 
capacitors and chokes can be used to preclude RP from reaching the driver circuitry, 
having such wires in the near field of an antenna can act as secondary radiators, thus 
interfering with the radiation pattem of the antenna. The major advantage of using 
optical tuning is that all biasing electrical lines are replaced with fibre optic cables 
which are transparent to electromagnetic radiation. This means that surrounding EM 
fields are unperturbed and there is no pickup, crosstalk or ground loops in the control 
or feed circuitry. Also, electronic switches (such as varactor diodes, PIN diodes and 
MEMS) require two biasing lines each and in large array structures this leads to 
complex biasing designs, making it harder to shield them from radiation. Optical 
switches cut this requirement by half as only one optical fibre is needed per switch. 
When high RP powers are involved, fibre optic cables provide the added benefit of 
electrical and thermal isolation between the antenna and the bias control circuit. 
Semiconductor devices such as varactor diodes and PIN diodes suffer from low power 
handling capability because of junction breakdown. The silicon switches proposed 
here do not have junctions and so should be capable of handling much higher powers. 
The effects of the high electrostatic fields in MEMS embedded in an antenna have not 
been thoroughly investigated and may even hamper proper operation. Over long 
distances fibre optic cables exhibit lower losses compared to their metal wire 
counterparts. 
1.4 Concept of photo excitation of silicon and applicability in 
antennas 
In this thesis, optical control of antennas is achieved by using high resistivity silicon 
wafers as switches. Under optical illumination, silicon changes from a semiconductor 
to a near conductor. This increase in conductivity is caused by photons with 
sufficient energy impacting on electrons in the valence band, causing them to be 
promoted to the conduction band creating an electron-hole plasma. Once in the 
conduction band, the electrons are free to take part in conduction currents but have a 
finite life time before they recombine with holes and become bound. A number of 
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control1able and uncontrol1able factors influence the recombination process which in 
turn determines the level of conductivity achieved for a given optical source. The 
wavelength and power of the illuminating light also impacts on the conductivity 
achieved and so require careful consideration. 
1.5 Organisation of thesis 
Chapter one covers the introduction to the thesis, reviewing some of the methods 
currently available for actively tuning antennas. The concept of photoconductivity in 
silicon is briefly introduced and the advantages of using optical over electronic 
switches in frequency tuning are highlighted. 
Chapter two explores in more detail the mechanisms behind photoconductivity in 
silicon. Photoconductivity is a complex subject deeply rooted in quantum physics and 
so a highly theoretical detailed analysis is beyond the scope of this thesis. 
N everthe1ess, a grasp of the basic fundamentals is essential. This chapter looks at the 
factors that influence the level of conductivity and the limitations they create. A 
theoretical analysis that relates the number of free charge carriers in an illuminated 
wafer to its conductivity and permittivity is carried out. A brief explanation of the 
experimental setup needed for generating, col1ecting and transporting light to the 
silicon wafers is also presented. 
Chapter three implements an optically activated silicon switch in a microstrip 
transmission line. The transmission line topology is optimised in a commercial1y 
available 3D simulation package. Measured S-parameters for the device under 
varying optical illumination are compared with simulation results using previously 
derived permittivity and conductivity values. A lumped element equivalent circuit is 
derived to explain the operational characteristics of the switch. 
In Chapter four, the silicon switches are introduced onto a printed dipole. Theory 
covering dipoles, Coplanar Waveguides (CPW) and Coplanar Strip (CPS) lines is 
used to construct a balanced CPW to CPS transition that feeds the dipole. The 
simulation package is used in parametric studies to further improve the designs. 
Three designs are presented, each improving on the features of the preceding one to 
13 
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achieve improved radiation patterns, boresight gain and a larger shifts in frequency. 
An element of beam scanning using the final switched antenna is also presented. All 
simulated and measured s-parameter results along with radiation patterns and gain 
measurements are presented for discussion. 
Chapter five draws conclusions from this study and suggests avenues for future work. 
This involves both improvements to the optical switch design and different 
reconfigurable antennas for frequency shifting and beam scanning. 
14 
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Chapter 2 
2 Photoconductivity of Silicon 
2.1 Introduction 
Unlike metals and insulators, semiconductors have a unique ability to change their 
electrical conductivity when illuminated with light. This process, called 
Photoconductivity, is a vital part of this study, as photoconductivity in silicon is used 
to switch transmission lines in chapter 3 and shift the resonant frequency of antennas 
in chapter 4. Therefore this chapter performs a theoretical analysis on the photon -
electron interaction in semiconductors (dealing mainly with silicon), leading to the 
concept of electron energy bands, more specifically the valence and conduction bands. 
The reader is introduced to factors such as carrier lifetimes, absorption depth and 
wavelength, and recombination mechanisms as these perform crucial roles in the 
photoconductivity process. The real and imaginary permittivities of silicon as 
functions of total free carrier density are calculated and are used to derive the 
conductivity of silicon. Permittivity and conductivity pairs derived here will be used 
in 3D modelling of transmission line and antenna switches in proceeding chapters. 
Finally, the experimental set-up involving laser diodes and fibre optic cables, used to 
illuminate the silicon switches is presented. 
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2.2 Silicon and its photoconductivity 
Silicon, like all other semiconductors is covalently bonded in a tetrahedral structure, 
extending through space in a crystal lattice [1]. The outer four electrons that take part 
in the bonds are equally spaced from one another at 109° 28' producing elongated 
electron clouds. The close spacing of atoms in the crystal structure forces the discrete 
energy levels to hybridise leading to the formation of energy bands. Where the forces 
exerted by the atom are large enough, energy bands may sometimes overlap with each 
other but generally they are separated by forbidden energy zones. Electrons are only 
permitted in the energy bands and so cannot exist in the forbidden energy zones. 
In all solids the lower energy bands are full of electrons. It is only the top two bands, 
the conduction band and the valence band, and their separation energy gap that 
determine the conductivity of the solid. Electrons in the conduction band are the most 
loosely bound to the atom and so are free to move through the crystal, contributing to 
the conduction current. Therefore, more electrons in the conduction band results in a 
higher conductivity. 
Intrinsic silicon, that is pure silicon without any doping, has a large band gap energy 
(1.11 eV) between the conduction and valence bands and so under room temperature 
only a few electrons inhabit the conduction band. This gives intrinsic silicon a very 
high resistivity. The 1.11 e V needed to cross the band gap can be supplied in the form 
of thermal or optical energy. When light is incident on a semiconductor, photons 
collide with electrons in the valence band and promotes these electrons to the 
conduction band, thereby increasing the conductivity of the material. This process is 
known as photoconductivity. 
To photoconduct, electrons in the valence band of intrinsic semiconductors must be 
promoted through direct or indirect absorption. Silicon is classed as an indirect band 
gap semiconductor. The minimum energy point of the conduction band is at a 
different point in k-space, in other words has a non-zero value of crystal momentum (k 
'" 0), from the maximum energy point of the valence band. Figure 2-1 shows how a 
optical transition from the top of the valence band to the bottom of the conduction 
band must involve the absorption of a photon and a simultaneous absorption or 
20 
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emission of a phonon, defined as a quantum of vibrational energy. The magnitude of 
the absorbed or ejected phonon detennines Llk. 
E 
Conduction 
band 
Valence band 
k 
Figure 2-1 - Indirect band gap absorption in intrinsic silicon [2] 
For direct band gap materials, the magnitude of the intrinsic photoconductivity 
depends critically on the surface lifetime, in contrast to indirect materials where the 
surface lifetime is much less important. The surface lifetime is the average time spent 
by carriers on the surface of the material contributing to the conductivity before 
vanishing through recombination or trapping (see section 2.3.3). 
An electron promoted from the valence band leaves behind an unoccupied state, 
known as a hole. When a field is applied to the silicon wafer, the electrons in the 
conduction band move in one direction while the holes in the valence band move in 
the other, both contributing to a current flow in the same direction. The velocity of 
the carriers is given by 
v=pE (2.1) 
where J.l is the mobility of the carrier and E is the applied electric field. As the 
binding force is less in the conduction band and electrons and holes have different 
masses, the electrons in intrinsic silicon move with a mobility of 1350cm2Ns while 
the holes are much slower with a mobility of 480cm2Ns. 
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2.2.1 N-type doped silicon 
Doping is the process by which foreign atoms are introduced into an intrinsic silicon 
lattice for the purpose of increasing its conductivity. The resistivity of intrinsic 
silicon is too high to be of any use in most practical applications. Silicon used in this 
study is doped with Phosphorus (a n-type dopant), which has five electrons in its outer 
shell. Four of the five electrons form strong covalent bonds with neighbouring silicon 
atoms, leaving one electron that is loosely bound to the phosphorus atom. This 
electron resides inside the forbidden zone at an energy level (called a shallow level) 
just below the conduction band. Therefore, at thermal equilibrium the lattice has 
enough vibrational energy to promote this electron into the conduction band, 
increasing its free electron density and thus increasing the conductivity of the 
material. The introduction of energy levels inside the forbidden zone also gives rise 
to certain recombination mechanisms which are covered in section 2.3.3. 
2.3 Factors influencing the photoconductivity of silicon 
There are many factors that control the level of photoconductivity achieved in silicon. 
This section will look at some of these factors in more detail, paying particular 
attention to recombination processes. 
2.3.1 Cut-off frequency 
The energy of a photon is given by 
he 
E photon = A (2.2) 
where h is Planck's constant (6.626 x 10-34 1-s), e is the speed oflight in a vacuum and 
..t is the wavelength of light. As seen in Figure 2-1, there is a minimum energy the 
photon must possess before it can promote an electron to a higher band. Thus, only 
light above a certain frequency will cause photoconductivity. In direct band gap 
semiconductors such as galium arsenide, this gives rise to a sharp cut-off frequency 
below which photoconductivity does not occur [3]. As a result of its indirect 
absorption, silicon exhibits a more broad cut-off frequency with a gradual decrease in 
absorption with decreasing frequency. Assuming a band gap energy of 1.1leV, the 
cut-off wavelength in silicon is at about 1117mn. 
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2.3.2 Absorption coefficient and depth 
The absorption constant a is used to describe quantitatively the optical absorption in a 
semiconductor. Beer's Law describes the relationship between incident light 10 on a 
semiconductor, transmitted light I through the semiconductor, thickness of the 
semiconductor d and the absorption constant of the semiconductor aby, 
(2.3) 
Therefore, the higher the absorption coefficient, the more likely it is for the incident 
light to be completely absorbed and not be transmitted through the semiconductor 
wafer. The light penetration depth, defined as 11a, is the distance (measured into the 
semiconductor) over which the intensity of light is reduced by a factor of e. Large 
values of a cause the light to be absorbed closer to the surface, giving a high surface 
conductivity but not a high bulk conductivity. At high signal frequencies the material 
conductivity determines the thickness of the conducting layer. As silicon has a 
considerably lower conductivity than metals, it is assumed that conduction occurs 
throughout the whole cross section. Therefore a good bulk conductivity is necessary 
to avoid high resistance at microwave frequencies. For direct band gap materials, 
optical absorption occurs near the surface whereas for an indirect material (as is the 
case for silicon), the light penetrates deeper into the material. 
I II III 
Figure 2-2 • Photoconductivity spectral respouse compared to the absorption coustant of a 
semiconductor [2] 
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Figure 2-2 shows the general spectral response of photoconductivity and absorption 
for an arbitrary semiconductor. The curves fit into three loosely defined regions. In 
the high absorption region I, the light penetration depth (given by l/a) is very small 
and as a result the photoconductivity is controlled by the surface lifetime. In region 
n, the absorption is relatively strong and the bulk lifetime rather than the surface 
lifetime has more control over the conductivity. Maximum photoconductivity occurs 
when the reciprocal of the absorption constant (Le. the light penetration depth) is 
equal to the thickness of the semiconductor. The photoconductivity is still controlled 
by the bulk lifetime in region III but the absorption constant decreases with increasing 
wavelength as the cut-off frequency is reached. As a result the photoconductivity is 
also reduced. 
2.3.3 Recombination 
Recombination is the process by which an electron occupies, through one or mUltiple 
steps, an empty state associated with a hole causing both caniers to disappear. At 
thermal equilibrium, electron-hole pairs are constantly being created and recombined 
where the rate of canier generation is equal to the rate of recombination. During 
photoconductivity, counteracting the increased generation rate, the increased 
recombination rate is responsible for limiting the conductivity and stopping the 
semiconductor from becoming a perfect conductor. 
Recombination within a semiconductor usually occurs through a number of 
simultaneous processes. These processes can be broadly classified as intrinsic or 
extrinsic in nature [4]. Intrinsic processes are unavoidable properties of the 
semiconductor material and include radiative recombination [5] and Coulomb-
enhanced Auger recombination [6]. Extrinsic processes relate to defects (impurities, 
crystallographic imperfections, etc) within the material or at its surface and include 
Shockley-Read-Hall bulk [7] and surface recombination [8]. In intrinsic silicon, some 
of the described mechanisms are more prevalent than others, specially as the canier 
concentration increases with optical illumination. 
Radiative recombination is a type of electron-hole recombination where the energy is 
released in the form of photon emissions; in the case of band-to-band recombination 
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energy of photons released correspond to the band gap of semiconductor. During this 
process, as an indirect band gap semiconductor silicon must also simultaneously emit 
a phonon as wel1 as the photon to conserve both energy and momentum. Radiative 
recombination is therefore a four-particle process in silicon, which inherently has a 
Iow probability of occurring. As a result, the rate of radiative recombination in silicon 
is considered to be smal1 if not negligible compared to other recombination processes. 
Auger recombination is traditionally viewed as a three-particle process where an 
electron from the conduction band recombines with a hole in the valence band, 
transferring the excess kinetic energy to a free electron or hole [10]. Figure 2-3 shows 
two possible Auger recombination mechanisms. In (a), an electron with momentum 
k/ recombines with a hole kh transferring the excess kinetic energy to an electron at k2 
which is then promoted to kj • The same process, this time involving the energy 
transfer to a hole is shown in Figure 2-3(b). Al1 transitions ensure conservation of 
energy and momentum, as indicated by the length of arrows and their angles. 
E 
(a) 
Conduction 
band 
Valence band 
k 
E 
(b) 
Conduction 
band 
Valence band 
k 
Figure 2-3 - Two possible Auger recombination processes: (a) an electron combines with a hole 
and the excess energy Is transferred to an electron; (b) excess energy from a electron-hole 
recombination given to a hole [91 
The free carriers involved in this mechanism are assumed to be non-interacting quasi-
free particles [11]. When the energy is transferred to another electron, the Auger 
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recombination rate is given by Ue=Crir/p and where it is transferred to a hole, the rate 
is Uh=Cpnl where n andp are the electron and hole densities and Cn and Cp are the 
Auger coefficients. As Auger recombination requires three particles, this mechanism 
is more prevalent under increased electron and hole concentrations, as is the case 
when the intensity of light is increased during photoconductivity. 
The traditional model for Auger recombination is rather simplistic as it fails to 
accurately predict the recombination rate at Iow carrier densities. Theory developed 
by Hangleiter et al. [12] attributes this deviation between the measured and predicted 
results to Coulombic interactions between mobile charge carriers, giving a Coulomb-
enhanced Auger recombination rate. More recently, Kerr et al. [13] proposed a new 
formula that depends on the equilibrium concentration of free electrons and free holes, 
and on the density of excess carriers. Auger recombination is still an actively studied 
topic, as researchers try to improve on the existing theoretical models. However, it is 
widely accepted that auger recombination plays a significant role in limiting the 
maximum photoconductivity of a semiconductor. 
ShockIey-Read-Hall theory describes another type of recombination mechanism 
where by electrons in the conduction band recombine with holes in the valence band 
via energy levels found within the band gap (forbidden energy zone). These levels are 
generated by defects in the intrinsic crystal lattice or by introducing (accidentally or 
otherwise) donor or acceptor impurities. Defects can be described as follows, 
• Schottky defect is a gap in the lattice structure caused by the absence of an 
atom, which distorts the neighboring electron distribution. 
• Interstitial or Frenkel defect is caused by an atom located in the middle of 
the lattice structure, rather than in a position dictated to by the lattice shape. 
This will also distort the neighboring electron distribution. 
• Edge dislocation defects occurs when a row of atoms comes to an abrupt end, 
as is the case at the surfaces. 
• Grain Boundary defect is the line at which the crystal lattice changes 
direction. This can be caused by poor crystal growth techniques. 
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Phosphorus doped silicon has shallow levels, that is energy levels in the forbidden 
zone that are close to the conduction band. Other structural defects introduce deep 
levels which are also in the forbidden zone but are deep within it, neither close to the 
conduction band nor the valence band. These levels can be neither donors or 
acceptors, allowing them to capture a carrier for later release by thermal emission. 
This trapping of carriers and the increased recombinations caused by impurities 
reduces the photoconductivity of the material. In principle, all defects could be 
eliminated and extrinsic recombination processes reduced to negligible levels. The 
extent to which this can be achieved in practice is strongly dependent on 
semiconductor quality and its subsequent processing. 
Surface recombination is another important loss mechanism. Surface states are 
caused by the abrupt termination of the crystal lattice causing the exposed atoms to 
bond with impurities. The defect density can be as large as 1015 / cm3, resulting in 
surface recombination velocities of up to 107 crnIs. 
2.3.4 Metal-semiconductor contact 
The mounting of silicon wafers on copper tracks can sometimes have undesirable side 
effects. Bringing together metal and silicon gives rise to two different types of 
contacts. The first is called a rectifying or Schottky barrier and leads to a high contact 
resistance. The second, called a non-rectifying or ohmic contact, gives a low contact 
resistance compared to the device bulk resistance [14]. The latter is preferable in the 
current applications, but as will be seen, building a true ohmic contact is not always 
possible. 
Figure 2-4 shows the restructuring of the energy bands in a n-type silicon wafer when 
brought into contact with a metal such as copper. In this figure, q$m and q$sc refer to 
the work functions of the metal and semiconductor, respectively, and represent the 
energy required to remove electrons at the respective Fermi levels (EF) to the vacuum 
level. In a semiconductor, the Fermi level is the energy level at which the probability 
of finding an electron at that energy level is a half. It is also the highest energy level 
that can be occupied by an electron in a semiconductor at 0 Kelvin. As is generally 
the case, the metal work function is greater than the semiconductor work function. 
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The electron affinity of the semiconductor qx is the energy difference between the 
conduction band edge Ec and the vacuum level. 
When the metal is brought into intimate contact with the semiconductor, electrons 
from the semiconductor conduction band (which have higher energy than the metal 
electrons) flow into the metal, until both Fermi levels coincide. 
This realignment process as shown in Figure 2-4(b), results in the upward bending of 
the energy bands in the semiconductor. The electrons that flow into the metal leave 
behind positively charged donor ions which extend a distance Wo into the 
semiconductor. However, the electrons on the metal side gather on the surface of the 
metal. The resulting dipole effect establishes an electric field from the semi 
conductor to the metal. The height of the barrier created is given by 
(2.4) 
Metal Semiconductor 
Vacuum level 
-.--- ..-
"----~~: f~-~.1 
qx, 
(a) (b) 
Figure 2-4 - Energy band diagrams for a metal/n-type semiconductor contact (a) two materials 
isolated from each other and (b) at thermal equilibrium after contact is made [141. 
At thermal equilibrium, a very small but equal number of electrons mount the barrier 
and travel from the semiconductor into the metal and vice versa. Since the electrons 
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are equal in number, the net current is zero. When a voltage is applied to the junction 
and the semiconductor is biased negative with respect to the metal, the banier 
stopping electrons from travelling from the semiconductor into the metal is reduced as 
the Fermi level on the semiconductor side is forced to increase in height. The banier 
stopping the flow of electrons in the opposite direction is unchanged. The depletion 
zone width Wo is also reduced. The net effect is a current flow from metal to 
semiconductor. On the other hand, if the semiconductor is biased positive with 
respect to the metal, the Fermi level on the semiconductor side is reduced in height, 
thus increasing the banier height and making it harder for electrons to travel from the 
semiconductor into the metal. Again, the banier stopping the flow of electrons in the 
opposite direction is unchanged. The depletion zone width is also increased. The 
reduction of electrons moving into the metal over the large banier means there is a net 
small leakage current flow from the semiconductor into the metal. 
Applying an alternating current to a semiconductor-metal contact will show a low 
resistance during the forward half of the cycle and a high resistance during the other 
half, i.e. a Schottky diode is created and the alternating signal is rectified. 
Equation (2.4) describes the potential banier formed in an "ideal" metal-
semiconductor contact where the properties of the semiconductor are not affected by 
the presence of the metal. Practical experiments show in many metal-semiconductor 
contacts ~B is insensitive to ~m [14]. This has been attributed to the dangling bonds on 
the surface of the semiconductor caused by the abrupt termination of the periodic 
crystalline structure. This disturbance causes the remaining surface atoms to relax 
into a different formation creating surface states that are continuously distributed in 
energy within the forbidden zone. The large volume of surface states pin the Fermi 
level at the surface, thus making ~B less sensitive to ~m. 
Another factor that affects the metal-semiconductor contact is the oxide buildup on 
the surfaces of the materials. As soon as the materials are exposed to the 
enviromnent, a thin oxide forms on both metal and semiconductor surfaces. If the 
oxide layer is sufficiently thick, it can act as an insulating layer between the metal and 
semiconductor, increasing the contact resistance. When manufacturing 
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semiconductor devices in industry, the oxide layer is often removed by chemical or 
dry etching but immediate re-oxidation always leaves behind a layer 10-20 Angstroms 
thick. At this thickness, electrons can easily tunnel through the layer and so it does 
not increase the contact resistance. In this study, only a superficial clean in ethanol is 
carried out to remove surface grease and dirt. Therefore, oxide layers are expected on 
all silicon surfaces. However, it is difficult to gauge the thickness of these layers nor 
what effect they may have on the contact resistance. 
The oxide layer will be eliminated and intimate contact made between the metal and 
semiconductor only if the crystal is cleaved and metal deposited on the surface 
(through evaporation for example) in an ultra-high-vacuum system ( - 10-11 Torr). 
However, for the purpose of creating a good ohmic contact, this is counter productive. 
It normally generates a Schottky barrier instead as the work function of the metal is 
generally greater than that of the semiconductor. 
Ohmic contacts are normally created in three ways. In theory at least, proper choice 
of metal can provide a low resistance ohmic contact if the metal work function (~m) is 
less than or equal to that of the semiconductor. However with the added complication 
of surface states, for silicon there are no appropriate metals available. In industry 
where good ohmic contacts are essential for semiconductor device operation, a tunnel 
contact is normally used. Such a contact consists of a thin barrier between the metal 
and semiconductor, obtained by heavily-doping the semiconductor to a concentration 
of about 1019 _1020 /ern3• For silicon that is already n-type doped, the surface is 
subjected to even higher concentrations of the same dopant to create the highly doped 
region. This causes a reduction in the depletion region width, which enables more 
charge carriers to tunnel through the barrier. 
Another technique used to prevent the formation of a Schottky barrier is to increase 
the number of surface states by "scuffing" the semiconductor surface (by sandblasting 
for example). The defects in the crystal surface act as efficient recombination centers. 
If the defect density is high, recombination in the depletion region becomes the 
dominant conduction mechanism causing a decrease in the contact resistance. 
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Cost and equipment availability restrictions have meant the silicon switches used in 
this study are not processed to reduce the contact resistance. Instead, when analyzing 
measurement results in chapter 3, the effects of possible Schottky barriers and oxide 
layers are taken into account. 
2.4 Make-up of the silicon wafers 
Silicon is the second most abundant element in the Earth's crust and exists mainly in 
the form of silicon dioxide (silica) or silicates (compounds of silicon containing 
oxides and metals). Silicon is commercially produced by heating silica in a furnace 
using carbon electrons. At high temperatures, carbon reduces silicon dioxide to 
silicon and carbon dioxide. This method generally yields 99% pure silicon but further 
processing is needed to achieve high purity silicon used in the semiconductor 
industry. 
2.4.1 The manufacturing process 
The Float Zone technique, which has been developed over many years for the growth 
of high purity silicon mono crystals was used to produce the silicon wafers. Float 
Zone monocrystalline growth starts from a high purity, small diameter seed crystal. 
The seed crystal is prepared in the right crystalline direction in order to grow pure 
silicon with no crystalline defects. During the Float Zone process a melt zone is 
established between the lower seed material and upper feed material by applying 
localized heating. This floating zone is moved along a rod in such a way that the 
crystal grows on the seed (which is below the melt) and simultaneously melts the feed 
material above the floating zone. With no contact to crucibles and other possible 
contaminant sources, resistivity in the range of 100,000 Q·cm is possible. 
The resistivity is reduced by doping the crystal when it is pulled by introducing 
controllable amounts of gaseous dopants into the growth chamber. This technique is 
called in-situ doping or gas phase doping. 
The as-grown monocrystalline silicon crystal has the form of a cylindrical rod that is 
usually larger than required. The rod is grinded to the final diameter and sliced using 
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either an Inner Diameter (ID) saw or a wire saw. The ID saw sequentially slices one 
wafer at a time with diamond coated blades whereas the wire saw slices the whole rod 
in one operation using coated wires. 
The slicing introduces deep damage zones in the bulk of the silicon wafer and also 
results in large thickness variations. The saw marks can be removed by lapping or 
grinding. Lapping is achieved with abrasive slurries; for example alumina based 
slurries whereas double side grinding is done in pure water with grinding wheels. 
Lapping and grinding effectively removes irregularities on the wafers, but they do not 
give a smooth polished surface. A true mirror like surface appearance on silicon 
wafers requires the use of chemo-mechanical polishing (CMP). On average the 
surface roughness of a polished wafer can be better than the atomic distance between 
individual silicon atoms. 
Having been polished, the wafers are also passivated, improving the 
photoconductivity of the wafer. Surface passivation is a well researched topic, fuelled 
mainly by the drive to develop efficient solar cells [15 - 17]. Passivation reduces the 
surface recombination rate caused by impurities and defects on the surface of the 
silicon. This leads to longer carrier lifetimes and thus higher photoconductivities. 
Silicon Oxide and Silicon Nitride are two commonly used materials for passivation. 
In a process called thermal oxide passivation, a silicon wafer is loaded in a furnace 
. and oxidized for about two hours in an oxygen ambient at 1000°C. SiN passivation is 
carried out at a lower temperature of 350°C using a process called Plasma Enhanced 
Chemical Vapour Deposition (PECVD). 
2.4.2 Properties of the silicon wafers used in this research 
The silicon wafers used in this research are ground down to 10cm diameter 300).lm 
thick circular disks that are polished on both sides. They are manufactured with a 
thickness tolerance of ±20J.lffi. Pure intrinsic silicon has an equal electron and hole 
carrier concentration of l.4x 1010cm·3 giving a theoretical resistivity of227790.4Q cm. 
With optical illumination on intrinsic silicon, the increase in carrier concentration will 
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not be sufficient to switch a RF signal effectively. Phosphorus is used as an-type 
dopant to decrease the resistivity to between 6000 and l5000!l-cm. The wafers are 
thermally oxidised at 1050°C and annealed to passivate both top and bottom surfaces. 
The thickness of the passivated layer is about 200mn. The resulting carrier lifetime is 
lms. The circular disks are fmally cut to small pieces using a miniature saw. These 
small pieces are then used as optically activated RF switches. 
Figure 2-5 gives the measured percentage power transmitted through a passivated 
300llJIl thick silicon wafer with increasing illuminating wavelength. In section 2.3.1, 
the upper cut-off wavelength is calculated as ll17mn which seems to correspond to 
the peak transmission wavelength. With no antireflective coating, a surface reflection 
on polished silicon of about 30% is predicted (and measured). Therefore, with a 
transmission of 68.4% and a reflection of 30%, it would seem that at 1 1 25mn, almost 
all light that enters the silicon wafer is completely transmitted through the disk. At 
the optical wavelength used in this study (980mn), the transmission is very low at 
3.5%. 
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Figure 2-S - Measured spectral transmission curve for a double-side passivated silicon wafer 
With the free carriers taking longer to recombine as a result of the surface passivation, 
the speed of the silicon switch is reduced. Observing the microwave response of the 
silicon dice under a pulsed light source, it shows a fast rise time compared to a slow 
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fall time of 190f.ls. Withoutpassivation, using high resistivity silicon and high power 
optical pulses, picosecond switching speeds can be achieved [18]. 
2.5 Deriving the photoconductivity of silicon 
In order to determine the conductivity of silicon under varying optical powers of 
illumination, a mathematical formula is derived that relates the total free carrier 
density to the conductivity. The following sections follow theory presented by Kraus 
[19] and Balanis [20]. 
2.5.1 Theory of conduction and displacement current 
A voltage applied across a resistor and capacitor in parallel causes a combined current 
to flow that is made up of two different currents. A voltage V across a resistor of 
resistance R and a capacitor of capacitance C in parallel would produce a current 
through the resistor given by il = VIR and a current through the capacitor given by 
i =C
dV 
2 dt (2.5) 
The constant current through the resistor is called a conduction current while the 
c current that appears to flow through the capacitor when the voltage changes is called 
the displacement current. Charge does not actually flow through the capacitor 
dielectric but the build up of charge on one plate and the discharge from the other 
gives the appearance of current flow (i2)' 
If the resistor is now replaced by a capacitor with a conducting medium (0') with 
plates of area A separated by distance d, then the electric field in this conducting 
capacitor is given by E= V/d. The current density inside the resistor is given by 
i, .r:' 
-=J, =O'L 
A 
(in resistor) (2.6) 
The capacitance of a parallel plate capacitoris given by C =&A/d where 8 is the 
permittivity of the dielectric. Substituting this and V =Ed in to (2.5) gives 
i = &Ad dE = eA dE (2.7) 
2 d dt dt 
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i2 =J =sdE 
A 2 dt (in capacitor) 
Chapter 2 
(2.8) 
J} is the conduction current density Jc while h is the displacement current density Jd. 
If the pure resistor and pure capacitor are finally combined into one element that has 
both resistance and capacitance, i.e. a capacitor filled with a conducting dielectric, 
then both conduction and displacement currents will be present. Silicon under optical 
illumination is thought to be characterised in a similar manner, i.e. a conducting 
dielectric or even a lossy metal. With J and E being vector quantities, the total current 
density is given by 
where, 
J=oE , 
dE J =s-
d dt 
(2.9) 
(2.10) 
(2.11) 
Applying this theory to the case of silicon, in the OFF state the Jd will dominate as the 
semiconductor acts as a good insulator. With increasing illumination, silicon will act 
less like a capacitor and more like a conductor and so J c is expected to increase. 
2.5.2 Maxwell-Ampere Law 
Ampere's law states that the line integral of the magnetic field H around a closed 
contour is equal to the current enclosed. Where both conduction and displacement 
currents are present, the total current is used. Therefore, Maxwell's equation derived 
from Ampere's Law in the integral form can be extended to 
fH . dL = i(J,+Jd)'ds 
fH.dL = i(crE +& ~~) ·ds (2.12) 
Extending this theory to cover a given point in space rather than a loop in space, the 
curl is taken, This involves dividing the line integral of H by the area of the loop, 
with the loop area tending to zero. The current enclosed by the shrinking loop then 
gives the current density J at a single point. Consequently, the Maxwell-Ampere Law 
in the differential form is given by 
aE V'xH=oE+s-
at 
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If the electric field varies hannonically with time (E = Eo sin ax), the displacement 
current leads the conduction current by 900 • This is shown by 
J, = uE = aEo sinllJt 
aE J d = c-= llJcEo COSllJt (2.14) at 
The phase difference between currents is illustrated by the phasor from of (2.13) in 
\7xH=oE+jllJcE (2.15) 
where the operator j with the displacement current density indicates that it leads the 
conduction current by 900 • 
2.5.3 Polarisation and complex permittivity 
When a dielectric is placed in a electric field, there is no flow of charge carriers as the 
electrons are bound very tightly to their respective atoms. However, there is a small 
displacement of the positive and negative charges of the dielectric's atoms, 
effectively creating small dipoles. This causes one side of the material to be 
negatively charged while the opposite side is positively charged, i.e. it is polarized. 
When a material is examined macroscopically, the presence of all the electric dipoles 
are accounted for by the electric polarization vector P (C/m2). When all dipoles in the 
material are aligned in the same direction, P is given by 
P=Nql (2.16) 
where N is the number of polarized atoms per unit volume, I is the separation distance 
(in vector form) of the positive and negative charges in a typical dipole and q is the 
charge of an electron. The electric flux density D in a vacuum is given by D = lbE 
where lb is the permittivity of a vacuum (8.85 pF/m). However, in a dielectric where 
atoms become polarized the flux density changes to 
(2.17) 
and 
P = coX,E (2.18) 
where Xe is called the electric susceptibility of the dielectric material (dimensionless 
quantity). Combining these two equations, the electric flux density in a dielectric is 
given by 
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D = cOE+cOXeE 
D=co(I+X.)E 
D = cOcrE => Cr = (I + X.) 
where Cr is the relative pennittivity or dielectric constant of the material. 
Ch.pler2 
(2.19) 
The behaviour of an atom and its electron cloud in an alternating electric field is 
described in more detail by Kraus [19] and Debye [21]. Each atom of a dielectric in 
the absence of an applied electric field is represented by positive (representing the 
nucleus) and negative (representing the electrons) charges whose respective centroids 
coincide. In a mechanical representation of this model, a large positive sphere of 
mass M represents the large nucleus and a small negative sphere of mass m and charge 
-q represents the electrons. When an electric field is applied, the large mass M keeps 
stationary while the other moves along a platfonn that exhibits a friction (damping) 
coefficient d. The two masses are also connected together by a spring with a tension 
coefficient of s. The negative charge is displaced by a distance [ from the positive 
charge, moving in the opposite direction to the applied field creating an electric 
dipole. Removing the electric field returns the negative charge to its natural position 
causing the electric dipole to vanish. When the field direction is reversed the negative 
charge moves a distance [, again fonning an electric dipole but in the opposite 
direction to before. 
When a time-harmonic electric field of magnitude Eo and angular frequency ()) is 
applied to an atom, the forces of the system that describe the movement of the small 
negative charge in relation to the large stationary charge is given by [21] 
d 2[ dl 
m-2 +d-+s[=qEoeJOIi (2.20) dt dt 
This is a standard second-order differential equation for a damped harmonic 
oscillation with a driving function. The tenns on the left involve mass m times 
acceleration, damping coefficient d times velocity and spring tension coefficient s 
times displacement. The harmonically varying electric field (qEo is the peak force) is 
the driving force. Expressing (2.20) in phasor fonn 
( -(l) 2 m + j (l)d + s)/ = qE 0 
/ = qEo 
- {l)2m + j{l)d + s 
(2.21) 
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For the case of semiconductors, where more free charge carriers are available than in 
dielectrics, a new equation is needed to describe the motion of the carriers. For 
instance, with respect to (2.20), with electrons free to leave the atom having been 
promoted to the conduction band under optical illumination, the spring tension 
coefficient holding the negative charge to the positive nucleus becomes redundant, i.e. 
s = O. Lee et al. [22] suggest the following equation for the motion of charge carriers 
in a semiconductor 
m*(d
2 +.!.'~)I=qE 
dt 2 T dt 
(2.22) 
where the damping force d is now described by T, the collision time. I is the spatial 
displacement and m' is the effective mass of the charge carrier. In the phasor form, I 
becomes 
I = _-,m,,-,-* __ 
2 • co 
-co +}-
(2.23) 
T 
Lee et al. also separate Xe from (2.19) into two parts giving a new definition to the 
relative permittivity 
(2.24) 
where Xb and XI are the electric susceptibilities for the bound and free charges, 
respectively. CL is the dielectric constant of the host lattice including the contribution 
of bound charges. Substituting (2.23) into (2.16), the polarization due to free charges 
is given by 
Considering only the polarization due to free charges, (2.18) then becomes 
PI =coX,E 
Combining the above equation with (2.25), it can be seen that 
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Nq2 I 
8 0X/ =--.7'"----, 
m * ( 2 . co) 
-co + j-:; 
Substituting into (2.24) 
By introducing the plasma frequency ap as 
2 Nq2 
co =--
p 8 m* o 
and the charge carrier collision frequency v as 
I 
V=-
, 
The relative permittivity can now be written as 
0)2 
8, = 8L + ( 2 p. ) 
-co +jVCO 
O)~ (co + jV) 
0)(0)- jv)' (CO + jV) 
O)~(O) + jV) 
8,=8£- (22) 
O)\CO - v 
CO~ ( • v) (co 2 _ v2 r I + j co 
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(2.27) 
(2.28) 
(2.29) 
(2.30) 
(2.31) 
Taking into account the negative and positive charge carriers (electrons and holes, 
respectively), (2.31) is usually given as 
39 
Photoconductivity of silicon Ch'pter2 
(2.32) 
for an intrinsic semiconductor where Cr is the relative permittivity of the electron-hole 
plasma and CL is the relative permittivity of the semiconductor without the plasma. It 
is clear that the plasma permittivity is a complex term and is usually referred to as (c'-
jc', where c' is the real and c .. the imaginary part of the relative permittivity. 
Revisiting Maxwell-Ampere Law given in (2.15), the permittivity can now be 
replaced with the complex form to give 
where 
Y' x H = aE + jm(c' - jc")E 
Y'x H = aE+ jmc'E + mc"E 
Y' x H = (0' + mc")E + jmc'E 
Y' x H = O',E + jOJc'E 
0'. = equivalent conductivity = 0', + mc' = 0', + 0'. 
0'. = alternating field conductivity = mc' 
0', = static field conductivity = N. Iq. l,u. + Nhlqhl,uh 
(2.33) 
Ne•q are the carrier densities and J.le.q the charge carrier mobilities for electrons and 
holes. From section 2.5.1, it can be seen that O'eE is the conduction current density 
andjmc'E is the displacement current density. In good conductors, the conduction 
current density dominates while for good insulators, the displacement current density 
dominates. In all cases, the displacement current leads the conduction current by 90 
degrees. In (2.33), O'e is the total conductivity of the semiconductor composed of the 
static portion OS (caused by the flow of free charge carriers) and the alternating portion 
O'a caused by the rotation of dipoles as they attempt to align with the applied field 
when its polarity is changing. Since the alternating conductivity and the displacement 
current are both related to the operating frequency, at DC only the static conductivity 
will contribute to the current. 
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2.5.4 Static and alternating current 
Understanding the variation of the static (OS) and alternating (aa) conductivities with 
increasing levels of photo-i11umination is vital for accurate characterisation of the 
silicon plasma in an alternating field. 
As seen in (2.33), OS comprises of the free electron and hole contribution. This is in 
contrast to good conductors, such as copper, which only has an electron contribution. 
Copper has an atomic density of 8.46x I 022 t cm3 and each atom contributes an 
electron to the static conductivity, resulting in an equivalent free carrier density. 
Intrinsic silicon has an atomic density of 4.99x1022 t cm3 but in contrast to copper, the 
free electron and hole density is only 1.498xlOIO t cm3 giving a conductivity of just 
0.439xI0·3 Stm [20]. Doping the intrinsic silicon with phosphorus introduces 
additional electrons as silicon atoms are replaced with phosphorus atoms (see section 
2.2.1). Each phosphorus atom donates one electron to the conduction band. Some of 
these excess electrons will combine with holes, thus reducing the hole concentration. 
Therefore, at thermal equilibrium the phosphorus doped silicon has a higher 
concentration of electrons than holes. 
The silicon used in this research has a static conductivity of 16.67xI0·3 S t m. The 
product of the free electron density and the free hole density is believed to be constant 
for low dopant densities (i.e. less than 1 dopant atom for 106 silicon atoms) [14]. 
Assuming the carrier mobilities do not change for low dopant densities, the electron 
and hole carrier density that corresponds to a static conductivity of I 6.67x 1 0.3 Stm 
can be found as 
These are representative of the carrier densities of doped silicon in the dark state. 
When illuminated with light, an equal number of excess electrons and holes are 
generated in pairs (e and h), adding to the existing carrier concentrations. To describe 
the change to the relative permittivity more accurately, (2.32) is modified to include 
the initial concentrations, giving 
(2.34) 
&, =&'- j&" 
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2 
2 eoq 
(j) =--
{leD E. m* 
o 
and (j) ' = hoq' 
pI~ c m" 
o 
"note e = h , eo > ho 
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Although in its new form (2.34) describes Cr more accurately, there is little change in 
c,. from (2.32) when the excess carrier density increases beyond the initial carrier 
density . The real (cr') and imaginary (cr'') parts of the relative permittivity are plotted 
agai nst the total carrier density (that is eo + ho + e + h) in Figure 2-6. At low plasma 
densities c,. ' is 11.8. With increas ing free-carrier concentration, the real permitti vity 
decreases and at about 3x l0 16 fcrr? , it becomes zero. A negative permitti vity is a well 
known phenomenon widely used in plasma physics [23). The reflection of radio 
waves in the ionosphere is caused by its negative permittivity (metallic nature) [24] . 
The c,." value is almost zero at low plasma densities but increases rapidly as the 
plasma concentration exceeds about I x 1014 fcm] 
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Figure 2-6 - Change in permittivity of doped silicon with increasing free carrier concentration 
Knowing the relationship between the total plasma density and the complex 
permitti vity, it is now possible to calculate the static and alternating conductivities. 
The static conductivity is given in (2.33). lncluding the original , as well as the excess 
electron-hole pairs, thi s becomes 
(2.35) 
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The alternating conductivity is also given in (2.33) as (J)Ei'~ Since Ei" is given by 
(2.36) 
Figure 2-7 shows the change in the static, alternating and effective conductivities of 
phosphorus doped silicon at 2GHz as the total plasma concentration increases. The 
effective conductivity is the sum of the static and alternating parts. It assumes both 
carrier mobilities remain constant and no allowances are made for any of the 
recombination mechanisms. As a result, the graph shows no upper limit to the 
theoretical effective conductivity that can be reached. 
In section 2.5. I it was seen that di splacement current represents the capacitive 
property of the silicon. From (2.33), the displacement current density is given by 
J displacemelll = j(j)8;coE (2.37) 
At very low plasma concentrations, the displacement current density is approximately 
forty times larger than the conduction current density. This is as expected because the 
silicon is now behaving like a capacitor. When the plasma density is increased to 
about 3xlO t6 /cm3, the displacement current becomes zero as it is determined by the 
real permittivity. This is the same plasma density at which the real permittivity 
becomes zero. Here, the effective conductivity is close to IOOOS/m and so the plasma 
is behaving like a conductor rather than an insulator. 
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Figure 2-7 - Change in phosphorus doped silicon conductivity with increasing plasma density 
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In practice, optical illumination onl y increases the sil icon conductivity up to a point as 
wi ll be seen in Chapter 3. This is because the recombination mechanisms become 
much more prevalent with increasing plasma density, and so at some point, the silicon 
reaches saturation where the generation rate does not exceed the recombination rate. 
Literature suggests maximum carrier densities in silicon between 1017 and 1018 /cm3 
although these may be impracti cal in a communications device due to the very high 
levels of optica l power needed [25, 26]. 
2.6 Experimental set-up used for plasma generation 
A light delivery system consisting of a laser diode, driver circuit, focusing lenses and 
a fibre optic cable has been constructed to illuminate the silicon switches. Figure 2-8 
gives a simple graphical representation of how the light from a 980nm near infra-red I 
watt laser is focu ed through two optica l lenses to form a 3.5~lIn x 350~lm rectangular 
footprint on the surface of the fibre opti c cable. The fibre core has a diameter of 
I OOO~lm and is made of silica that has an attenuation of less than 0.0 I dB/m. 
Measurements show that approximately 80% of the total laser power is successfull y 
coupled into the fibre optic cable. The output end of the fib re is finely polished to 
ensure as much light as possible exi ts the cable with the minimum of scattering. The 
cable has a length of one metre allowing the laser box to be placed well away from the 
device under test, reducing the risk of electromagnetic interference. 
Laser Lense pair 
Driver Circuit Power Supply 
f---I-5V 
f-- -IOV 
~ ____ j----L+_5V __ ~ 
Multimeter 
Fiber optic cable 
Figure 2-8 - Diagrnmmatic representation of the laser light delivery system 
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A picture of the complete system including the laser box is shown in Figure 2-9. The 
driver circuitry, laser diode, lenses and the start point of the fibre optic cable are all 
enclosed within a portable sealed metal box which ensures safe operation and ease of 
use during antenna measurements. A miniature fan is also incorporated into the 
design of the box to regulate the laser diode temperature so as to prevent overheating, 
changes to the emission wavelength and reduction in laser efficiency. The laser is 
activated with a control key which al so prevents unauthorised use. 
Control key 
Fibre .,; 
optic 
cable 
Figure 2-9 - Picture of the light detivery system 
The laser diode driver circuitry allows easy control of the optical power output from 
the system. An externally accessible potentiometer (via the power control trimmer) 
on the driver controls the current fed to the laser diode. The driver simultaneously 
outputs a voltage that is proportional to the laser current. This enables easy 
calibration of the laser system. Different voltage readings from the laser controller 
are tabulated against their respective optical powers (recorded using an optica l power 
meter) at the end of the fibre optic cable. Finally, measured controller output voltage 
is plotted against the measured optical power and thi s graph is used in a ll switch 
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experiments carried out in chapter 3. Another laser system is constructed and 
calibrated in a similar manner for the antenna switching presented in chapter 4, as two 
optical switches need simultaneous activation. 
2.7 Conclusions 
In a precursor to examining optical switching of microstrip transmission lines and 
planar antennas, this chapter has explored photoconductivity in silicon. A basic 
overview of the process involved in generating the electron-hole plasma in silicon has 
been presented. Factors that influence the level of conductivity that can be achieved 
. have also been examined and suggestions made for optimising photoconductivity. 
This chapter has shown the importance of matching the light wavelength to the 
thickness of the silicon switch for maximum absorption. Lower wavelength light may 
cause high surface conductivities but a more constant bulk conductivity is necessary 
to achieve low switch resistance when switched ON. By four light penetration depths, 
98.2% of the incident light is absorbed and so this is the recommended thickness for 
the silicon dice. A 950nm laser diode would have been the ideal choice for the source 
for a 300~m thick silicon switch but this wavelength is not commercially available in 
high power laser diodes. At 980nm, the measured transmission through the silicon 
wafer is 3.5%. This is very similar to measured values in [25). Although there is 
room for improvement, the losses are relatively small. 
A critical process in photoconductivity is free carrier recombination. Without the 
many recombination mechanisms that nOlmally exist in semiconductors, in theory at 
least, a perfect conductor could be achieved with optical illumination. As the carrier 
density increases with optical intensity, so does the carrier recombination rate. 
Together with the decreasing carrier mobility due to increased collisions, the 
recombinations 'choke' the plasma conductivity to an upper limit estimated to be 
between 1017 and 1018 lern3 [25). 
One mechanism than can be controlled is surface recombination. This can be reduced 
. by surface passivation and results in a marked improvement in the conductivity 
achieved under illumination. However, as a result of increasing the surface carrier 
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life-times, the speed of the switch is reduced. Picosecond switching of microwave 
signals has been demonstrated, but these used very short high power laser pulses [18]. 
For CW operation, the optical power budget must be reduced and so high 
conductivities cannot be achieved without passivation. The carrier lifetime in the 
silicon switches used in this study is 1 ms and experimentally observed signal decay 
time through a silicon dice is 19011s. Therefore, it is an engineering compromise 
between the switching speed and the level of conductivity that can be achieved with a 
given optical power, and this depends entirely on the application specifications. 
Achieving an ohmic contact between the silicon dice and the external circuitry is a 
prerequisite to obtaining good switching performance. A Schottky barrier can be 
easily formed if intimate contact is achieved because the work functions of almost all 
metals are greater than that of silicon. More often than not, high contact resistance 
results from poor contact between surfaces on a microscopic level and because oxides, 
grease and dirt form an insulating layer. Suggestions have been made on how to 
reduce the contact resistance and these include metal deposition onto cleaned and 
roughened silicon surfaces. As this study tries to champion switches that are easily 
produced by simply dicing doped silicon wafers, metal deposition is too costly and 
complicated to be included. Instead, grease and dirt will be removed by careful 
cleaning with ethanol prior to constructing switches in transmission lines and 
antennas. 
In order to simulate silicon switches in a 3D modelling package, its permittivity and 
conductivity must be established for varying optical powers. The theoretical study in 
this chapter follows Kraus [19], Balanis [20] and Lee et al. [22] to link the free carrier 
density to the complex permittivity. As the silicon switches are to be operated at 
microwave frequencies, the contribution of the alternating conductivity was 
calculated. This is added to the static conductivity to form the effective conductivity 
of the electron-hole plasma. With these calculated pairs of permittivity and 
conductivity, microstrip transmissions line switches will be simulated in chapter 3 and 
an switched antennas simulated in chapter 4. These equations make it possible to 
equate optical powers used in measurements to theoretical plasma densities. 
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Chapter 3 
3 Optical switching of transmission lines 
3.1 Introduction 
A theoretical study of photoconductivity in silicon was carned out in chapter 2. It 
showed how optical illumination with the correct wavelength caused an increase in 
the free-carner density, resulting in the increases in silicon conductivity. Following 
on from this, chapter 3 now investigates microstrip transmission line switching using 
the photoconductive property of silicon. The optically activated switch is constructed 
by simply fixing a silicon dice over a gap in the transmission line. Light delivered 
through a fibre optic cable increase the conductivity of the silicon dice, thus bridging 
the gap completing the transmission line. Compared to its electrical switch 
counterparts (varactor and PIN diodes), optical switches do not need any electrical 
biasing lines and so perfect electrical and thennal isolation is achieved along with 
much reduced electromagnetic interference. The simplicity of the design ensures a 
higher power handling capability as there are no junctions that could suffer 
breakdown. 
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This chapter starts with a brief review of optical switching methods and their 
limitations employed by other researchers. The topology of the switched transmission 
line used here has already been optimised by Chauraya [1]. The author migrates the 
switched transmission line design to a new simulation package, Micro-Stripes™ [2], 
using the conductivity and permittivity values derived in the previous chapter. The 
switched line is simulated with a number of different conductivities (with their 
associated permittivities) and their S-parameter results are compared with measured 
results. This allows each different optical power to be assigned to a corresponding 
plasma conductivity and pennittivity. A lumped element equivalent circuit for the 
switched transmission line is developed to aid in the understanding of the silicon 
switch. This study forms the basis for simulations on switched antennas to be 
presented in chapter 4. 
3.2 Review of optical switches in transmission lines 
The control of microstrip transmission lines using optically activated silicon switches 
has been extensively studied in the past. As far back as 1975, Auston [3] 
experimented with using high power picosecond laser pulses to switch ON and OFF a 
transmission line printed on a high resistivity silicon substrate. The line is switched 
ON by using a 530nm laser which creates a very thin plasma layer on the surface of 
the silicon. Conversely, it is switched OFF by using a 1060nm laser, which has a 
much deeper penetration depth and so shorts the transmission line to ground. Many 
subsequent designs have been based on the silicon substrate concept. For example. 
Tsutsumi has extensively studied optically controlled microstrip gaps on 
semiconductor substrates for switches [4], phase shifters [5] and band pass filters [6]. 
Andersson has also investigated interdigitated gaps in transmission lines printed on 
semiconductor substrates [7]. Platte has presented much work on microwave 
switching using substrate-edge excitation [8] and profiling plasma penetration depth 
and longitudinal diffusion when using semiconductor substrates [9]. 
By having to use semiconductor substrates, these designs are limiting the interfacing 
capabilities of the switches. For example, to switch an antenna needing a low 
permittivity substrate, the semiconductor switch will have be produced on a separate 
substrate and joined onto the antenna with a matched transition. Another drawback of 
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using this method is the diffusion of plasma away from the switch region, rendering 
these electron-hole pairs useless. Work done by Platte shows the difficulty in 
calculating the conductivity when dispersion has to be taken into account [9]. The 
study by Young et al. [10] introduces the notion of silicon pixels positioned in 
microstrip line gaps that are activated using laser light. The results showed very poor 
transmission of under -25dB in the 1 to 6GHz frequency range with 470mW of 
optical power. 
Work presented here uses an alternative method where by a silicon wafer is diced and 
each individual piece, when placed over an optimised gap in a transmission line, acts 
as an optically controllable microwave switch. As wiIJ be seen, the topology of the 
gap design is as critical as the conductive properties of the silicon dice when 
optimising for best switch performance. 
3.3 Silicon switch topologies for microstrip transmission 
lines 
Transmission lines with different silicon switch topologies have been studied by 
Chauraya [I] using the simulation package Microwave Office™ [11]. This is a 2.5D 
modelling package and is mainly suited for microwave circuit design. In this 
package, the work surface is enclosed in a metallic box and so is unsuited for certain 
antenna simulations. Since the optical switches wiIJ ultimately be used in antennas, a 
different simulation package was needed. Therefore, silicon switch studies were 
migrated to Micro-Stripes which is a full 3D modelling package. 
Some of the initial topologies studied are shown in Figure 3-1. Switching of 
transmission lines is achieved by positioning silicon dice over the different gaps and 
then iIJuminating them with near infra-red light. In the simulation package, the 
conductivity of silicon was changed to reflect the ON or OFF states of the switch. 
The optimisation process concentrated on maximising the isolation when the switch is 
in the OFF state and minimising the insertion loss when the switch is ON. Initially, 
the study was confined to a frequency range of 1 to 3 GHz. Studies showed a 
constant struggle to achieve good isolation and insertion loss because inevitably, the 
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insertion loss would degrade if the isolation was improved and vice versa. The 
isolation in the switch is improved by widening the gap between transmission lines as 
this reduces the capacitance across the gap. This however degrades the insertion loss 
in the ON state because with a finite carrier lifetime, free charge carriers can cover 
only a limited distance before recombining. If the insertion loss is improved by 
narrowing the gap, the capacitance increases and so there is very little isolation in the 
OFF state. Furthermore, placing the silicon dice over the chamfered gap has the same 
effect as changing the dielectric in a capacitor from air to silicon. This naturally 
increases the capacitance across the gap and so degrades the isolation in the OFF 
state. 
(a) (b) (c) (d) 
Figure 3·1· Different transmission line topologies (a) single gap (b) stepped gap (c) interdigitated 
gap (d) chamfered gap III 
Topologies (a) - (c) in Figure 3·1 have already been covered in the literature where as .~ 
the chamfered gap (d) is an original design. Simulations' have shown that in a 
transmission line, (d) is the optimal design for striking a balance between best 
possible isolation and insertion loss. The chamfering reduces the coupling from the 
outside edges of the micro strip line across the gap, as this is the region with the 
highest current density. Having a smaller gap in the central region of the transmission 
line improves the insertion loss in the ON state without adversely effecting the 
isolation in the OFF state. 
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3.3.1 Chamfered gap transmission line switch 
Figure 3-2 shows a schematic of the optimised switched transmission line wi th a 
chamfered gap along with a photograph of the manufactured device. The dielectric is 
TL Y _5™ substrate with a pem1ittivity of 2.2 and a thickness of I. I 7mm. The 
thickness of the copper track is 30~m. 
Port 1 
Substrate 
27.95mm 
Copper transmission lines ------, 
2.0Smm 
Silicon dice 
0.25m01 
..., 
3 
3 Port 2 
w 
'"' 3 3 
Figure 3·2 - Schematic and photograph of optimised switched transmission line with a chamfered 
gap. 
Close-up pictures of the I mm x 2mm x 0.3mm silicon dice fixed in place using silver 
loaded epoxy are shown in Figure 3-3. These pictures are taken using Scanning 
Electron Microscope (SEM) where the device is scanned with a narrow beam of 
electrons, causing a scattering of electrons which are picked up by a detector and 
displayed on a computer screen. The three pictures show how the silver loaded epoxy 
holds the silicon dice in place. The urface of the sil icon dice is speckled with 
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particles of carbon, most like ly from absorber material found in the measurements lab. 
This dirt is easily removed using a clean cloth and spirits and so does not hamper the 
operation of the switch. Figure 3-3(c) shows a close-up of the sil icon-silver epoxy 
interface. The epoxy appears to be made up of fine shavings (about 5~m pieces) of 
silver. Compared to a soldered joint or an intimate contact achieved through metal 
deposition, this type of contact is bound to have a higher resistivity. Any dirt or 
grease present on the contact surfaces may cause further increase in contact resistance. 
" 
,-H 
(a) Cb) 
(c) 
Figure 3-3 - FEM photos of a silicon switch on a transmission line (a) top view (b) offset side view 
(c) close-u p of the si licon-si lver epoxy interface 
The choice of size for the silicon dice is based on the ease with which it can be 
mounted on the transmission line using the epoxy, working under a standard 
laboratory microscope. Also, as the diameter of the fibre optic cable is 1 mm, a 
similar width for the silicon dice was believed to be prudent. 
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Of great importance is the quality of the si licon surface. There are no obvious 
physical defects that will increase the surface recombination rate. This would 
decrease the surface carrier lifetime which would be detrimental to the effective 
conductivity of the silicon dice. 
Both ends of the transmission line are connectorised with son end-launch SMA 
connectors. Full two-port S-parameter measurements are made on an Anritsu 37397C 
Vector Network Analyser (VNA). 
Once calibrated and connected to the VNA, the laser set-up shown in section 2.6 is 
used to illuminate the silicon switch. The end of the I mm diameter glass fibre optic 
cable is positioned over the dice using a clamp, allowing the angle of incidence to be 
adjusted manually. Practical studies show that an angle of about 450 provides the 
most efficient illumination as the footprint of the light from the fibre covers most of 
the si licon top surface area. 
S-parameters for the transmission line in the OFF state (i.e. no optical power) are 
shown in Figure 3-4(a) and again for the ON state (200m W) in Figure 3-4(b). At 
2Ghz, the isolation in the OFF state is 15.6dB and the insertion loss in the ON state is 
0.68dB. As expected in the OFF state, the iso lation deteriorates with increasing 
frequency because the reactance of the capacitive gap is inversely proportional to the 
frequency. 
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Figure 3-4 - S-Pa rameters for chamfered gap switched transmission line in (a) OFF state (0 mW) 
and (b) ON state (200 mW) 
The optical power of 200m W is chosen to represent the ON state because beyond this 
power, the gain in switch performance (i.e. reduced insertion loss) is disproportionate 
to the optical power applied. The extent to which the silicon dice saturates with 
increasing light intensity is shown in Figure 3-5. S2l varies the most in the 0 to 
20m W optical power region showing some linearity on a log scale. Beyond that 
point, the gain in performance achieved through increased light intensity is limited. 
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Figure 3-5 - Change in S2 1 (at IGHz) for switched transm ission line wit h increasing optical 
power 
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This experimenta lly observed optical absorption saturation is explained by the 
concept of recombinations, fir t introduced in section 2.3.3. Recombination 
mechanisms such as Auger recombinations become more prevalent at high carrier 
densities brought on by higher optical powers. So the recombination rate increase 
prevents the silicon from becoming more conducti ve. Carri er mobility is also 
decreased as the carrier concentration increases because the chance of collisions 
increases. This also contributes to limiting the conductivity. In fact, between 150 and 
200mW, the measurements show onl y a marginal increase of 0.07dB in the 
transmi ssion. 
3.4 Micro-Stripes simulations and measurement results 
The plasma generation theory presented in Chapter 2 is appl ied here to simulate the 
previously described switched transmission line in the 3D modelling package Micro-
Stripes. 
3.4.1 A brief overview of Micro-Stripes 
Micro-Stripes [2] is a software tool that allows des ign and 3D electromagnetic 
analysis of high freq uency circuits. The solver operates in the time domain based on 
the Transmiss ion Line Matrix (TLM) method. In the TLM method, space is divided 
into cells modelled as the intersection of orthogonal transmission line nodes. Time is 
divided into di screte steps (determined by the size of the smallest cell) and at each 
time step vol tage pulses that travel along the lines scatter at the centre of a node and 
are directed towards other nodes. At each step, the electric and magnetic fields at the 
centre of the cell s are ca lculated from the voltages and currents on the lines using 
Maxwell ' s equations. At the end of the simulation, the completed analysis outputs 
the time-domain response of the circuit to an input pulse stimulus. This result is then 
converted into the frequency domain using the FOllrier transfonn . 
Post simulation, the software package allows the calculation of electric and magnetic 
fields and surface currents. 
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In simulating optical ly switched transmission lines, the definition of the silicon is 
critical. Silicon is described as a dielectric, specifying values for the pern1iniviry and 
conductivity. Although the pem1ittivity of silicon is complex, the software only 
allows for the real part of the pem1ittivity to be entered. As a result of this limitation, 
only the real pem1ittivity from equation 2.34 is used to define the si licon switch. The 
value for the conductivity is formed by adding together the static (equation 2.35) and 
alternating (equation 2.36) conductivities. 
3.4.2 One layer plasma model 
Following the exact dimensions of the built transmission line, excluding the two SMA 
connectors, a 3D model is constructed in Micro-Stripes as shown in Figure 3-6. A 
microstrip transmission line port is added to each end of the device for excitation and 
tem1ination purposes. 
Figure 3-6 - 3D model of switched tra nsmission line in Micro-Stripes 
The first simulation is that of a transmiss ion line without the silicon dice. This is to 
veri fy the accuracy of the modelling package before attempting to simulate the effects 
of si licon and plasma generation. As seen in Figure 3-7, there is good agreement 
between the measured and simulated S2 1, but there appears to be some addi tional 
losses in the measured result at high frequencies that are not reflected in the 
simulation. This di screpancy maybe due to the SMA connectors, which are known to 
become more inefficient with increasing frequency and are not included in the 
simulation model. Assuming this discrepancy can be attribuled to the connectors, the 
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model provides the confidence needed to proceed to simulating the ON and OFF 
states. 
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Figure 3-7 - Comparison between simulated and measu red S-parameter results for transmission 
line without silicon switch 
Section 2.3.2 showed that the light penetration depth into a silicon dice is dependent 
on the wavelength of the incident light, and at 980nm the optical absorption 
coefficient is lOO/cm [14] . This means the light intensity is reduced by a factor of eat 
a depth of IOOflm into the silicon. Therefore, the plasma density in the silicon cannot 
be uniform; there is a higher carrier density near the surface compared to the bottom 
of the dice. The 3D model in Micro-Stripes simplifies this characteristic to just one 
layer of uniform conductivity plasma. Doing so dramatically decreases the simulation 
time and also simplifies the design of the model. It is important to gauge the accuracy 
of thi s simplification as it will be used in simulating switched antennas in the next 
chapter. Therefore, a parametric study is carried out using real pemlittivity and 
effective conductivity values derived in Chapter 2. The objective of the study is to 
identify an equivalent plasma conductivity (and permittivity) for each of the incident 
optical powers used in the measurements. 
The OFF state of si licon is defined by the permittivity and conductivity extracted 
from the equations at the lowest plasma density possible. The S-parameter results for 
the OFF state are given ill Figure 3-8. There is good agreement between measured 
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and simulated results in the OFF state but again the simulation does not have enough 
loss at high frequencies. 
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Figure 3-8 - Comparison between simulated and measured S-parameter results for transmission 
line with switch not illuminated 
For optical powers greater than zero, Table 3-1 summarises the results of the 
parametric study. For each optical power, the given conductivity and pemlittivity 
combination provides the best S-pararneter match with the measured results. These 
results are plotted in Figure 3-9 to show how the simulated conductiv ity and 
permittivity changes with increasing optical power. 
Optical Power (mW) Conductivity (S/m) Relative Permittivity 
0 0.035 11 .80 
0.5 2.79 11.77 
5 9.82 11.68 
22 42.34 11 .30 
50 72.39 10.95 
lOO 11 2.28 10.48 
150 136.47 10.27 
200 150.45 10.03 
Table 3-1 - summary of conductivities and perm ittivitics used to match measured results at 
different optical powers 
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In section 2.5 .4, Figure 2-6 shows the plasma conductivity increases dramatically as 
the total carrier concentration increases beyond about Ix lO l 6 /cm3 Yel, the trend in 
Figure 3-9 clearly shows the silicon dice is approaching saturation as the optical 
power IS increased beyond 200m W, as indicated by the decreasing conductivity 
gradient. This would suggest although the rate of photon incidence has increased 
(achieved by increasing the optical power), the free carrier concentration in the silicon 
does not increase proportionally. The reasons for this phenomenon, covered in the 
previous chapter, include the recombination mechanisms gaining increased 
pr0l11lnenCe and the carner mobilities decreasing with increasing carrier 
concentration. 
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The conductivity/optical power relationship described in Figure 3-9 is expected to be 
valid only in the simulation environment where the complex plasma density model 
thought to exist in practical measurements has been replaced with a simplistic 
dielectric block with unifonn conductivity. In the 3D model, intimate contacts are 
achieved at the silicon/copper track interfaces and depletion zones are not created 
when semiconductors are brought into contact with metals. Section 2.3.4 showed this 
not to be the case in practical switches. To compensate for the zero contact resistance 
in simulations, the silicon conductivity must be set lower than that expected III 
measurements. This discrepancy wi ll be addressed in the proceeding section. 
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As seen in Figure 3-10, which gives the comparison between the measured and 
simulated results at 200mW optical power (ON state), the S21 results show the best 
match while the S 11 match is rather more crude. 
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Figure 3- 10 - Comparison between simulated and measured S-parameter results for transmiss ion 
line with switch illuminated with 200mW of optical power 
With 200m W of optical power illuminating the si licon dice, the S-parameters for the 
transmission line show an important trend at low freq uencies. The insertion loss is 
about 0.6dB for most of the frequency range but as the frequency reduces below 
1.50Hz, the insertion loss begins to increase. In fact, the trend in Figure 3-10 suggest 
there will be very little transmission at DC. This phenomenon observed in the 
measurements can be explained by the theory presented in section 2.3.4. The 
depletion layer, which naturally forms when a metal is brought into intimate contact 
with a polished semiconductor due to the difference in work functions, can form 
creating a potential barrier. The more likely cause of low conductivity at DC is poor 
contact at the silicon/copper and silicon/sil ver epoxy interfaces caused by insulating 
oxide, grease and dirt layers. These layers act as a dielectric in a capacilor and since 
the impedance of a capacitor is inversely proportional to the frequency, at high 
frequencies the effects of the insulating layers are reduced. However, as the operating 
frequency is reduced to DC, the insulating layers have a more pronounced effect as 
the reactance increases. Therefore, at very low frequencies very little transmission is 
observed. 
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UnfortWlately, the current 3D model does not include any mechanisms for simulating 
the effects at low frequencies. Therefore, the simulated results depart from the 
measured results as the frequency is reduced from about 1.50Hz. Ignoring the effects 
at low frequencies, the 3D model predictions are accurate in the OFF state, and fairly 
accurate in the ON state. The permittivity decreases by only 1.7 and the conductivity 
increases to 150 S/m when changing the switch from OFF to ON. The increase in 
plasma density is from 7.7xI0" Icm3 to 4.77x lOl l Icm3 
3.4.3 Depletion zone/Oxide layer simulation 
As seen in the previous section, the simple one layer plasma model agrees with 
measured results in only a small frequency range. There is a noticeable discrepancy 
in the OFF state at high frequencies and in the ON state at low frequencies. The next 
simulation model tries to accoWlt for these differences by adding co-axial feeds, a 
silicon dice made of layers of plasma with different conductivities, and an insulating 
layer. This 3D model is shown in Figure 3- 11 . 
Figure 3-11 - Improved 3D model of switched transmission line 
As with the previous model , this design is first simulated without a silicon dice nor 
silver loaded epoxy. The comparison between the measured and simulated results are 
given in Figure 3-12. 
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Figure 3-12 - S-parameter comparison for coax fed transmission line without silicon 
With the co-axial feeds included in the 3D model, the measured and simulated SII 
and S21 magnitude (in dB) results show much closer agreement. As a result of the 
added length in the simulated transmission line, the measured and simulated S II and 
S2 1 phase results also show excellent agreement. The co-axial feeds have added 
losses at high frequencies making thi s model more accurate at simulating a 
transmission line with a chanlfered gap. 
The OFF state is sinlulated using the same permittivity and conducti vity values as 
before with the silver epoxy holding a single 300flm thick silicon layer in the middle 
of the transmission line. As there is no illumination in the OFF state, the conductivity 
is asswned to be unifoml throughout the cross section. Again, there is a noticeable 
improvement in the simulated results over the previous model. 
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Figure 3-13 - S-parameter comparison ror coax red transmission line in the OFF state 
For simulating the ON state, the 300~m thick silicon dice is split into six equally thick 
layers and each one given a different conductivity and permittivity. The top most 
layer is the most conducting and the bottom most layer the least. Although the 3D 
model only includes one insulating layer (see Figure 3-1 ) separating the epoxy from 
the six plasma layers, there is bound to be a similar barrier at the underside of the 
silicon dice where it interfaces with the copper track. The same reasons that give rise 
to a barrier being created between the silver epoxy and silicon are also valid for the 
interface between copper and si licon. However, inserting a 3 ~m insulating layer at 
the bottom interface would dramatically increase the simulation time, which already 
stands at two weeks on a dual processor 20Hz Pentium 4 machine with I Oigabyte of 
RAM., making the study impractical . Therefore, the bottom most plasma layer is 
assigned a low conductivity preventing high conduction through the copper-silicon-
copper interface, although in reality the plasma density in this region should be much 
higher. 
To determine the conductivity of the six plasma layers, a theoretical graph is drawn 
based on two assunlptions and a rough estimate as to what the surface conductivity is 
likely to be. Looking at the cross section of the silicon, it is known that the light 
intensi ty decreases by a factor of e by a depth of I OO~m since the optical absorption 
coefficient at 980nm is lOO/cm (14]. If the light intensity can be equated to silicon 
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conducti vity, then it can be assumed that the conductivity would also reduce by a 
factor of e by a depth of I OO~lm compared to the surface conductivity . It is also 
assumed that the bottom most plasma layer has a very low conductivity. The oxide 
surface passivation appli ed to the silicon during fa brication reduces the surface 
recombination rate and increases the carrier li fetime to about I ms. This, compared to 
standard high resisti vity si licon, gives a much higher conductivity. An educated guess 
suggests a conductivi ty va lue for the top most layer, which is then used to derive the 
conductiviti es of the middle sections using the two stated assumptions. Maximum 
free-carrier densi ti es between 1O'7/cml and 10' % ml have been suggested with very 
high power laser pulses on unpassivated s ilicon [15]. Studies with similar passivated 
wafers and similar optical powers suggest lower densities of about 10'6/cml [I]. As 
the simulation time is exceptionall y high, only a limited parametric study is possible 
to ascertain the correct top layer conductivity. evertheless, the conductivity values 
that provide the best S-parameter match with measured results at 200mW are 
presented in Table 3-2 and the S-parameter comparisons are shown in Figure 3- 14. 
Layer Free-carrier Conducti vity Relative 
density (/cml) (S/m) Permittivity 
I 2.l 7x I 016 682.62 3.78 
2 1.15x l016 362.03 7.55 
3 6.73 x I 015 21 1.68 9.3 1 
4 3.57x I 015 11 2.28 10.48 
5 1.22x l0 lS 38.41 11.35 
6 I.I 0xl01l 0.36 11.79 
Table 3-2 - List of cond uctivities and permit tivities used in the six plasma layer 30 model 
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Figure 3-14 - S-parameter comparison for coax fed transmission li ne in the ON state 
The correlation between the measured and simulated results has improved, speciall y 
at low frequencies . The slight di screpancy in the S II resu.its maybe due to the use of 
onl y one insulating layer. With a higher specification computer, a more thorough 
parametric study could be carried out involving the thickness of the insulating layer 
and conductivity of the top most layer. 
3.4.4 Surface current density of the switched transmission line 
Micro-stripes allows the viewing of surface currents on all metallic objects in the 
model at any specified frequency. Figure 3-15 shows the currents at the SMA to 
microstrip line interface. The insulator inside the co-axial feed is not included as it is 
defined as a dielectric in the model. The hottest regions (where the current density is 
the highest) are shown in red and the coldest regions (where the current density is the 
lowest) are shown in dark blue. 
Figure 3-16 shows the surface currents around the switch region in the ON state. The 
six layers of plasma are not shown as they are defmed as dielectrics, all be it with 
relatively high conductivities. The long blocks on either side of the gap represent the 
silver loaded epoxy used to mount the sil icon dice. The epoxy is made up of two 
parts; a hardener and a silver powder. The high frequency properties of the hardener 
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are unknown but for the purpose of modelling, the epoxy is defined as a metal with 
the conduct.ivity of silver reduced by a factor of ten. This reduced conductivity 
accounts for any losses that maybe introduced by the hardener. 
Figure 3-15 - Simulated surface current on the switched transmission line at the SMA to 
microstrip tra nsition 
Figure 3-16 - Si mulated surface current for the switched on transmission line at the chamfered 
ga p 
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As expected, the microstrip line is hottest at its peripherals and littl e current fl ows at 
the centre of the line. From Figure 3- 17, a high current density at the tips of the 
chamfered lines is observed. The presence of hi gh current density on the blocks of 
epoxy suggest they are acting as plates in a capacitor, which is benefi cial in thi s 
switch as it provides a higher capacitance ultimately leading to an improved 
transmission. The diagrams also highlight the importance of having good ohmic 
contact between the underside of the silicon dice and the chamfered copper tack. The 
simulation model depicts a perfect scenario where as in reality imperfections in the 
copper surface as well as insulating oxides will form a barrier. In thi s case, the 
function of the sil ver epoxy becomes doubl y important, as it not only physically holds 
the dice in place but also provides maximum surface contact for good conduction. 
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Figure 3-17 - Surface currents for switch region at (a) 0° (b) 45° and (c) 90° phase 
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3.5 Derivation of a lumped element equivalent circuit 
As the device dimensions are small compared to the operating signal wavelength, the 
microwave performance can be modelled by a equivalent lumped element circuit [7, 
12]. The equivalent circuit is used to fully characterise the active region within the 
switch architecture and to describe the device performance. It helps to relate 
electrical characteristics to observed physical properties of the switch. Compared to 
3D modelling, equivalent circuits also enable much faster analysis. 
3.5.1 Switched transmission line 
From Figure 3-4(a) it can be seen that the switched transmission line in the OFF state 
has the basic characteristics of a capacitor, i.e. there is very high isolation at low 
frequencies which degrades with increasing frequency. Using the capacitor as a 
building block, it is possible to construct a basic equivalent circuit that represents the 
switching transmission line as the optical power ranges from OmW to 200mW. The 
equivalent circuits are constructed using the Schematic function of Microwave Office 
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PORT CAP PORT PORT 
• 
• PORT PORT R<S PORT 
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Figure 3- 18 - Three progrcssivcly more accurate eq uivalent ci rcuits for switched transmission 
li ne 
Figure 3-1 9 shows the S-parameters and Figure 3-20 the loss values for the equivalent 
circuits given in Figure 3-18(a)-(c) . For the case of the simple capacitor (Figure 
3-18(a)), the SII matches the measured results but not the S2 1. The capacitor has 
almost no transmission at low frequencies and has no losses associated with it, as 
shown in Figure 3-20. To introduce a leakage current througb the capacitor, a resistor 
(RI ) must be added in parallel (Figure 3-18(b)). Now, the S-parameters agree with 
measurements at low frequencies but Figure 3-20 indicates that the losses in the 
transmission line are constant with increasing frequency where as the measurements 
indicate an upward trend. This di screpancy is also reflected in the S21 comparison at 
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high frequencies. Additional loss is introduced by adding a second resistor in series 
(R2), as shown in Figure 3-18(c) . With this resistor, the equi valent circuit (c) now 
closely matches the measured S 11 , S2 1 and loss results. 
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Figure 3-19 - S-Pa rameters corresponding to the three equ iva lent ci rcuits given in Figure 3-18 
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Figure 3-20 - Loss values corresponding to the tree eq uivalent circuits given in Figure 3-18 
The element values of the equivalent circuit given in Figure 3-18(c) are tuned to give 
matching S-paranleter results with the measured switched transmission line under 
different levels of optical illumination. Four of the comparisons are given in Figure 
3-2 1. There is good agreement with low optical powers but as the illlunination 
increases, S 11 and S2 1 measurements diffe r from the circuit' s at higher frequencies. 
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As a basic representati on of the whole device (including the connectors, transmission 
line, chamfered gap and silicon dice), the equiva lent circuit perfonm well and by 
looking at the change in element values with increasing optical power, a clearer 
picture of the device is attainable. 
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Figure 3-22 - Change in the three element values in the equivalent circui t with increasing optical 
power 
From the graphs in Figure 3-22, it is clearly seen that at OmW, the equivalent ci rcuil is 
dominated by the large resistance (R I) in parallel with a small capacitance (C I) in 
Figure 3-18(c). When RI is this large it could be ignored and the circuit simplified to 
R2 in series with C I but since there is a semiconductor across the gap, the leakage 
current is higher than what would be nomlally expected with an air dielectric. 
Therefore, in the OFF state the capacitance across the gap is very small but there is an 
inevitable transmission through the n-type doped silicon dice and thi s must be 
accounted for by the inclusion of resistance RI. 
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Increasing the optical illumination on the dice up to O.2mW sees a large drop in the 
capacitor shunt resistance RI and a sharp increase in R2 in Figure 3-22. Increasing 
the optical power further, RI begins to level off while R2 now shows a sharp drop in 
resistance. This sharp spike in R2 seen at very low optical powers counterbalances 
the drop in RI , without which the switch would have a very high transmission at low 
optical powers. As will be seen in section 3.5.3, this resistance spike al so coincides 
with the optical power at which the transmission line is most lossy. At higher optical 
powers, both resistances are low but the capacitance has increased. This suggests a 
relatively low resistance conduction path through the silicon dice has been achieved 
but there is a significant displacement current. 
Cross-sectional view 
Slicon dice 
SJbstrate 
t 
Ground plane 
Figure 3-23 - Cross sectional view of a silicon switch fixed in place over a transmission line gap 
The change in capacitance can be explained by visualising the silicon switch as a 
parallel plate capacitor wi th two di fferent types of dielectrics, as depicted in Figure 
3-23. With the silver epoxy acting as the capacitor plates, the silicon dice is one 
dielectric and the insulating layer (formed by the oxides and depletion zones) is the 
other. In the OFF state, both dielectrics have low conductivity and so the switch is 
analogous to a capacitor with a large plate separation distance. Since the capacitance 
is inversely proportional to the separation distance, in the OFF state the switch has a 
low capacitance. Increasing optical illumination on the silicon increases its 
conductivity but the insulating layers will remain mostly unchanged. With the silicon 
dielectric becoming more conductive, the effective separation distance of the 
capacitor shrinks to the size of the insulating layers. Any oxide insulation wi ll remain 
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unchanged but the depletion zone wi ll reduce in width as more carriers are generated 
inside the silicon dice. This permanent in ulating layer in the capacitor dictates the 
mInImum dielectric thickness and thus the maximum capacitance that can be 
achieved. As the incident opti cal power increases towards 200m W, Figure 3-22 
shows that the rate of increase in capacitance starts to decrease and tends to level off 
at a maximum value. 
Ultimately, the high frequency perfom1ance of the switch is governed by the 
magnitude of the series resistance (R2) in Figure 3-1 8(c). If this was reduced to zero, 
the line would have perfect transmission at high frequencies . Higher values of 
capacitance (C I) give better transmission at increasingly lower frequencies. 
However, C l becomes immateri al ifboth RI and R2 are very low. 
This basic equi valent circuit is not a transmiss ion line analysis but simply tri es to 
match measured S-parameters and loss values. The circuit also fail s to model 
accurately trends at higher frequencies, particularly when high optical powers are 
used. Using the infOImation gained from thi s simple analysis, a more detailed and 
accurate construction of a lumped element equiva lent circuit is conducted next. 
3.5.2 Transmission line with a de-embedded chamfered gap 
Following the same optimisation techn ique as the previous section, an lumped 
element equivalent circuit for a microstrip transmission line with a chamfered gap is 
deri ved. Using transmission line analysis gives the major advantage of allowing S-
parameters to be optimised in both magnitude and phase, where as in the previous 
model onl y the magnitude could be matched. The circuit is constructed by examining 
each section of the device in logical steps and incorporating their individual features 
into the final design. The chamfered transmission line given in Figure 3-24 is 
simulated in Microwave Office using the Electromagnetic (EM) simulator with a 
substrate height of 1.17mm and 2.2 permittivity. The two ports are de-embedded up 
to the point where the chamfering begins (A). This removes the effects of the 
transmission lines on either side of the gap, allowing the circuit to represent the 
chamfered section alone. 
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Figure 3-24 - Diagram of the transmission line with a chamfe red gap 
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Figure 3-25 - Lumped element equ iva lent circuit for a de-embedded chamfered gap in a 
microstrip tra nsmiss ion line 
The proposed equivalent circuit for the de-embedded chamfered gap is shown in 
Figure 3-25. A gap in a microstrip transmission line is traditionally represented by a 
simple two-port model consisting of a series capacitor (C3) with two capacitors either 
side (C l and C2) shunting to ground [13]. The high resi stance (RI) across the series 
capacitor takes into account the lossy nature of the substrate. As the chamfering of 
the microstrip transmission line effectively creates two gaps, one within another, two 
sets of series and shunt capacitances can be included in the equivalent circuit. A step 
change in a microstrip line is classically defined by two series inductors separated by 
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a shunt capacitor [13]. Simulations in Microwave Office have shown that the tapering 
effect and the ' double gap' concept need not be applied and the circuit can be 
simplified to that given in Figure 3-2S. As the change in microstrip width is gradual, 
it does not seem to have the same effect as a step change and so the two inductors 
normally associated with such a transition can be omitted. The capacitance across the 
outside edges of the tapered gap (from A to A in Figure 3-24) seems to be negligible 
compared to the capacitance across the inner gap (from B to B in Figure 3-24), 
making the gap within a gap concept also unnecessary. As the EM simulation is 
symmetrical , the resistance (R2 and R3) needed to reflect the losses in the copper 
track/dielectric have been split in two and positioned either side of the series 
capacitor. 
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Figure 3-26 - S-pa ram e'er results comparison for the chamfered ga p 
Figure 3-26 shows the S-parameter comparison between the simulated chamfered gap 
and the proposed equivalent circuit. There is very good agreement between the two 
from O.S to SOHz. There is also excellent agreement in the phase comparison. 
3_5.3 Full length transmission line with a chamfered gap 
The next stage is to construct an equivalent circuit fo r a full length transmission line 
with a chanl fered gap in the middle. In the EM simulation, the substrate size is 
extended to 27.0Smm x IS.27mm and the de-embedding is removed from the 
transmission lines. To reflect this change, in the equivalent circuit model two 
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microstrip transmission line sections, each 13.35mm long and 3.3mm wide, are added 
to either side of the chamfered gap. The substrate properties fo r the equivalent circuit 
are the same as those set in the EM simulator. The constructed equivalent circuit is 
given in Figure 3-27 and the S-parameter comparison between the EM simulation and 
the circuit is given in Figure 3-28. 
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Figure 3-27 - Lumped element eq uiva lent circuit for a full length t ransmission line with a 
chamfered gap 
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The slight diffe rence in the S II and S21 could be attributed to the way the EM 
simulator surrounds the substrate in a metallic enclosure, where as the equivalent 
circuit has no such boundaries. The top of the enclosure, although defined as 
approximately open (377 Q), may interact with the microstrip circuit if not defined 
high enough. The EM ci rcuit also has a finite size for the ground plane where as the 
equivalent circuit has no substrate/ground plane size restrictions. These factors aside, 
there can be high confidence in the equivalent circuit's accuracy in representing the 
transmission line with a gap. 
3.5.4 Connectorised transmission line 
The equivalent circuit developed so far needs modifying with additional components 
to reflect the end-launch SMA connectors found on both ends of the substrate. If the 
length of the connectors are ignored, the equivalent circuit phase measurements will 
not match the measured results, making tuning of the circuit in subsequent work 
difficult. The length of the SMA connector, from the edge of the insulator to the 
beginning of the transmission line is 7.45mm. The insulator is PTFE with a 
permittivity of 2. 1. In order to quanti fy the effects of the SMA to microstrip 
transition, an equivalent length microstrip transmission line on a similar substrate is 
built with similar end-launch SMA connectors and an equivalent circuit is optimised 
to match the measured results. The proposed equivalent circuit is given in Figure 
3-29. 
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Figure 3-29 - Eq uivalent circuit for a connectorised transmiss ion line 
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The measured length of the microstrip transmission line is 27.1 6mm and the width is 
3.3 mrn. The substrate is TLY-5 wi th a permittivity of 2.2 and thickness I. I 7mrn. 
The circuit shows a rnicrostrip transmission line, terminated at each port wi th a co-
ax ial cable. However, between the microstrip and the co-axial line, there are two 
inductors, a capacitor and a resistor representing the transition from SMA to 
microstrip. Two series inductors shunted with a capacitor is the accepted equivalent 
model for a step change in a transmission line [13] . The addition of the resistor 
accounts for losses that may exist in the transition. The loss CA) in the SMA insulator 
and the frequency at which it is specified CF) are unknown and so they are optimised 
along with the other components to give the best match with the measured S-
parameter magnitude and phase. 
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Figure 3-30 - S-parameter comparison from measurement and equivalent circuit for a micros'rip 
transm ission line 
Figure 3-30 shows good agreement between the measured S-parameters for the simple 
microstrip transmission line and those obtained from the equivalent circuit. The 
phase comparisons as well as the input impedance comparisons also give good 
agreement. Although there are bound to be differences between both connectors and 
the way they are mounted, a symmetrical approach is taken where by both SMAs and 
their transitions are assumed to be identical to each other. 
83 
--------------........... 
Optical switching of transmission lines Chapter 3 
3.5.5 Connectorised transmission line with a silicon switch 
The final stage involves combining the co-axial lines and transitions from one 
equi valent circuit with the transmission line and chanlfered gap from the other to form 
one combined equivalent circuit representing the complete device. This circuit is then 
compared to measured results from the connectorised transmission line with a 
chamfered gap prior to the silicon wafer being fixed in place. The proposed 
equivalent circuit is given in Figure 3-31. 
The SMA to microstrip transition was optimised for a simple transmission line. 
Transporting the same elements into a different structure has required slight 
modifications to element values allowing for possible changes in the connectors and 
their soldered joints. The S-parameter comparison between the measured and the 
circuit values are given in Figure 3-32. 
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Figure 3-3 1 - Equiva lent circuit model for a microstrip transmission line with a chamfered gap 
but no silicon dice, taking into accou nt the end-la unch SMA feeds 
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complete device prior to mounting the silicon dice 
Much of the equivalent circuit fo r the gap is unchanged in this proposed design but 
the series resistances R3 and R4 (see Figure 3-3 1) have increased to account for the 
losses encountered in the measurements that are simply not observed in the 
Microwave Office simulations. 
The logical steps fo llowed in the construction of this equivalent circuit gives 
confidence in its accuracy, which is further strengthened by the good agreements 
observed in all of the S-paranleter comparisons carried out. Although not presented 
here, comparisons between measured and simulated phase and input impedance 
results have been made throughout al l the steps taken so far. They all give good 
agreement. The final step is to incorporate the effect of the silicon dice positioned 
over the gap and held in place with the silver loaded epoxy. The proposed circui t is 
given in Figure 3-33. 
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If the gap in the transmission line is simplified to a capacitor, add ing the dice simply 
changes the dielectric from ai r to si licon. This is expected to increase the leakage 
current tlu·ough the capacitor and simultaneously increase the capacitance across the 
gap. This can clearl y be achieved by modi fying the existing element values in the 
equivalent circuit without having to add any additional components. However, to 
account for the capacitive effects of the depletion zone and insulation layers, which 
are noti ceable at high optical powers (see Figure 3-2 1), capacitor C6 is added to the 
circuit. The non-uni fo rm creation of plasma within the silicon dice changes the 
current flow and so gives rise to the inductors LS and L6 in the equivalent ci rcuit. 
In Figure 3-33, an active region is defined around all the components whose values 
are expected to change when the si licon switch is illuminated with light. The values 
of the active region elements are varied in Microwave Office to give S-parameters 
that match measured results taken with optical powers ranging from Om W to 200m W. 
As the circuit is considered to be symmetrical about the centre capacitor CS, the 
values of LS, R3 and C2 are linked to their corresponding values on the other side 
(L6, R4 and C3 respectively) and so the element pairs are tuned in tandem. Graphs 
showing these S-parameter comparisons at eight different optica l powers are given in 
Figure 3-34 and Figure 3-35 . They show very good correlation fo r both S 1I and S2 1 
magnitudes between the measured and ca lculated results in the frequency range 0.5 to 
6GHz. DUli ng optimisation, care is taken to match phase measurements as well as the 
input impedances . The large range over whi ch the equi valent circuit matches the 
measured results can onl y reinfo rce the validity of the circuit design. 
The change in values of the active components with increasing optical power are 
plotted in Figure 3-36 and Figure 3-37. Capacitors C2 and C3 are excluded from the 
plots as they tend to zero from an init ial value of 0.024pF as the incident optical 
power is increased fro m OmW. This is because as the switch becomes more 
conducting, the coupling of energy acro s the chamfered gap will increase (between B 
points in Figure 3-24), causing the energy coupled from the cham fe red transmission 
line sections to the ground plane to decrease. When the gap is bli dged with a 
conducting plasma, there is no longer a need to represent a gap in the transmission 
line using the classical model of a seri es capacitor with two capacitors shunting to 
ground. Of course in the OFF state, a resemblance of the gap sti ll exists, all be it with 
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a much lower effect, and so thi s would explain why capacitors C2 and C3 have 
reduced from O.075pF to O.024pF when compared to the microstrip transmission line 
wi thout a sil icon dice. 
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The general trend in both graphs is to show a dramatic change in lumped elemem 
values in the 0 to 10mW optical power range. In the OFF state, resistance R5 is 
greater than 10kn, but there is a substantial drop in the resistance with a minimal 
increase in optical power. Simultaneously, resistances R3fR4 sharply increase to a 
maximum of about son each and then reduces with increasing optical power to settl e 
at about 5n. By about 25mW, the changes in resistances have mostly equalised. 
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The two capacitors CS and C6 also increase sharply at very low optical powers and 
continue to increase but at a reduced rate as the power is increased to 200m W. At the 
maximum power range, both capacitor trend lines suggest a levelling off at a peak 
value is imminent. 
Inductors LS/L6 are zero for very low optical powers but again in the space of20mW, 
the graph shows a sharp increase followed by a constant inductance for higher optical 
powers. The inductive properties of the device remain constant beyond 40mW where 
as its capacitive nature continues to increase. 
This sharp change in the elements within a small window of low powers suggests the 
presence of a critical process. In fact, looking at the efficiency of the transmission 
line in Figure 3-38, it can be seen that the initial plasma generated is very lossy and 
the efficiency onl y begins to improve when the optical power is increased beyond 
I Om W. Here, loss is defined as 
Loss = ~1 _ISII 12 - ls211' 
where ISII I and 1S211 are the modulus of the reflection and transmission coefficients 
respectively. The curve is normalised to the loss found on a similar length complete 
microstrip transmission line. The loss graph closely resembles the resistance R31R4 
from the equi valent circuit. 
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Observing the loss characteristics of the device in Figure 3-39 with increasing optical 
power over the whole frequency range from I to 70Hz, it seems the silicon losses 
decrease with increasing frequency. The effect of the SMA connectors, the truncated 
substrate and other physical factors have been removed by normalising the losses to 
those obtained by a similar length transmission line constructed using the same type 
of connectors and substrate material. The high capacitance observed in the device 
near 200m W is likely to result in better coupling through the switch at high 
fTequencies because of the reduced impedance it provides as the frequency increases. 
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Figure 3-39 - Change in norma lised circuit loss with increasing optical power at different spot 
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3.6 Switching speed study 
The performance of the silicon switch when subjected to a pulsed light source was 
studied with the aid of a Tektronix TDS7404 Digital Phosphor Oscilloscope. 
Microwave signals can be directly connected to the oscilloscope, which has a 
sampling capabi lity of 200S/s. An electronic circuit that produces high amperage 
pulses was connected to a high power near infra-red LED. During switch ON, the 
LED emits about 30mW of light at 880nnl wavelength. 
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3.6.1 Speed of the near infra-red LED 
First, the reaction time of the LED was established by shining the light from the LED 
onto a fast photodiode and observing simultaneously the vo ltage across the 
photodiode and the LED on the osci lloscope. There is a delay of about 400ns from 
the time the voltage across the LED begins to increase to the time the LED tart 
emitting light. It takes a fUI1her 2~lS before the LED is fully switched ON. Similarly, 
from the time the dri ving voltage across the LED is removed, it takes 2.4fls before the 
light is fully switched OFF. The switching speed of the fast photodiode is in the low 
nanosecond range and so can be disregarded from the speed calculations. 
3.6.2 Speed of the silicon switch 
Having observed the delay in the LED in emitting light from the time it is switched 
ON, the next step was to identify the actual switching speed of the silicon switch . 
When the LED is positioned over the silicon switch, it is difficult to couple enough 
light into the photodiode to use it as a trigger input for the osci lloscope. Therefore, 
the oscilloscope was instead tri ggered by the vo ltage across the LED and the delays 
observed previously appl ied to the results. 
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Figure 3-40 - Oscilloscope display showing the r is ing edge of t he voltage across the LED (cya n -
Ch2) and the IG Hz CW microwave signal passing through t he switch (yellow - Ch I) 
Figure 3-40 shows the change in the I GHz CW signal passing through the si licon 
switch when the LED is switched ON. The amplitude of the CW signal begins to 
increase 700ns after the initial increase in the LED driving vo ltage. However, the 
previous section showed there was a delay of 400ns between the increase in the 
driving voltage and the emitting of light. Therefore, the silicon begins to conduct 
wi thin 300ns of the light being applied to the switch. 
The figure shows a delay of I 0.5 ~s from applying the driving voltage to the LED to 
the microwave signal being fully switched ON. However, from applying the driving 
voltage, it takes 2.4~s for the LED to be fu lly switched ON. Therefore, from the time 
the LED is fully lit, the silicon switch takes 8.1 ~ to become fully acti ve. 
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I'igure 3-41 - Oscilloscope display showing the fallin g edge of the voltage across the LED (cy.n -
Ch2) a nd the IGHz C W microwave signa l pass ing th rough the swi tch (yellow - C h I) 
Figure 3-4 1 shows the switching OFF time of the silicon switch. There is a 2.4~s 
delay between the removal of the driving voltage and the termination of light from the 
LED. Therefore, from the time the LED is fully OFF to the time the time the silicon 
swi tch is fully OFF, 137 .6~s has elapsed. This long tail-off at the falling edge is due 
to the very high carrier life time of the doped sil icon. Once the electron-hole plasma 
has been generated, it appears to take a long time to dissipate after the light source has 
been removed. 
3.7 Conclusions 
Silicon pennittivity and conductivity values at different plasma densities derived in 
chapter 2 have been implemented in the simulation of optical ly swi tched microstrip 
tTansmission lines. Previous studies showed that the chamfered gap design fo r an 
optically activated switch is the most effecti ve at maintaining isolation in the OFF 
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state while reducing the insertion loss in the ON state [1]. Therefore, this design was 
implemented in Micro-stripes simulations with varying silicon switch conductivities 
to mimic the effects of changing optical intensity. The first model simplified the 
complex distribution of free-carriers expected in silicon when illuminated through the 
top surface to a single 300llm thick dielectric with uniform conductivity. This 
simplification significantly reduced the computation time and allowed different 
optical powers to be matched to specific conductivity and permittivity pairs in a 
relatively short period of time. S-parameter comparisons with measured results 
showed good agreement. Tabulating theoretical conductivity (and permittivity) 
values to practicable optical powers in such a manner, enables confident 3D 
modelling of other microwave devices such as switched antennas. 
". 
While good agreement was achieved at frequencies above I.SGHz, measurements of 
the switched microstrip transmission line showed poor transmission at low 
frequencies. This could be attributed to the depletion zone that forms naturally when 
a metal is brought into contact with a semiconductor. More likely are dirt, grease and 
oxide layers that naturally form in the open environment creating DC barriers. Also, 
on a microscopic level, intimate contact is not achieved at the copper/silicon interface 
and the silver epoxy/silicon interface. A model of the switch that included a 31lm 
thick insulating layer separating the silver epoxy from the plasma, successfully 
showed that the phenomenon can be attributed to insulating layers. However, as 
antenna studies are to be confined to frequencies above 2GHz, the effects of the poor 
ohmic contact is expected to be minimal. 
In contrast to the theoretical silicon conductivity curves, measurements show the 
plasma density in the switch begins to saturate as the illumination reaches 200m W. 
Beyond this threshold, the gain in transmission is disproportionate to the applied 
power. Chapter 2 covered many forms of carrier recombinations, most of which 
become more prevalent at high carrier densities. These mechanisms prevent the free 
carrier density from exceeding a natural upper limit. At high densities, the carrier 
mobilities also decrease as they are more likely to collide with one another. This 
again contributes to the limitation in conductivity. 
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A lumped element equivalent circuit for the whole transmission line has been derived. 
It confirms the capacitive nature of the switch resulting from the insulting layers in 
the switch contacts. However, at high frequencies the large capacitance offers a low 
impedance and so this results in an improved switch efficiency. When the active 
region of the equivalent circuit is isolated from the rest of the circuit, the input 
impedance into the chamfered region can be measured for each optical power. This 
shows a decrease from 5380 to 580 at 20Hz when the optical power is increased 
from OmW to 20OmW. 
Further improvements in the conductivity, and thus lower insertion loss could be 
achieved by sputtering ohmic contacts onto both ends of the silicon dice in a 
controlled enviromnent [16]. Anti-reflective coatings could also be used to increase 
the light entering the silicon switch [17] 
The silicon switch has been shown to be lossy at low optical powers but this improves 
with increased illumination. Normalised measurements show that the losses decrease 
with increasing frequency, with the efficiency of the SMA connectors becoming the 
limiting factor. 
Investigations into the switching speed of the silicon switch showed a switch ON time 
of 8.1J.ls and a switch OFF time of 137.6J.ls. The high switch OFF time is due to the 
high carrier lifetime of the electron and holes as a result of the doping and passivation. 
This allows lower light powers to generate higher conductivity silicon switches but at 
the cost of degrading the switching speeds. The long tail-off seen at the falling edge 
may also be attributed to the high capacitance of the switch, as shown by the 
equivalent circuit and corresponding graphs. If the ohmic contacts can be improved, 
an increase in the switching speeds may be possible. 
This study has provided the confidence required to integrate silicon switches into 
microstrip antennas, as attempted in the next chapter. 
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Chapter 4 
4 Optically reconfigurable CPW-fed planar dipole 
antenna 
4.1 Introduction 
Chapter 3 showed how optically activated silicon switches can be successfully used to 
switch microstrip transmission lines. By comparing simulations of switched 
microstrip transmission lines to measurements, conductivity (and permittivity) values 
were correlated against different optical powers. Chapter 4 will now apply these 
values to embed optical switches on several antennas in order to achieve frequency 
shifting, and ultimately beam scanning. Frequency shifting can be achieved by 
electronically tuning devices such as PIN diodes, Varactor diodes, MOSFETs (Metal 
Oxide Semiconductor Field Effect Transistors) and MEMS (MicroElectroMechanical 
Systems) embedded in antennas, but they can suffer from electromagnetic interference 
caused by the metallic biasing lines. Varactor diodes also show poor efficiency at low 
biasing voltages while PIN diodes are limited by their power handling capabilities. 
Although MEMS can offer better ON-to-OFF impedance ratios, they can suffer from 
stiction and have high packaging costs. Also, the strong electrostatic fields present in 
the switch may interfere with the antenna operation. 
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In contrast, optically activated silicon switches offer electrical and thennal isolation as 
well as electromagnetic transparency making them an attractive option for switching 
antennas. Although not directly tested here, studies have shown that an optically 
controlled silicon switch can handle more power than its semiconductor counterparts 
as it does not suffer from junction breakdown [1, 2]. 
A centre fed Y, wavelength balanced dipole antenna is chosen to be the test bed for 
this study. The radiation pattern of a Y, wave dipole is easily recognised and gives 
axial symmetry on all three Cartesian axis. Therefore, any influence on the radiation 
patterns by the silicon switches and fibre optic cables should be easily recognised. 
Frequency tuning is achieved by controlling the length of the arms of the dipole using 
optically activated switches. A number of different antenna designs are presented and 
their perfonnance evaluated. 3D modelling of the antennas are carned out in Micro-
stripes using the conductivity and permittivity pairs derived in the previous chapters. 
S-parameter measurements, radiation patterns and gain measurements are carned out 
in an anechoic chamber on fabricated antennas and compared to simulated results. 
Beam scanning capability ofthe switched antenna is also investigated. 
4.2 Dipole theory 
The Y, wave dipole antenna is well studied in literature [3, 4]. Some basic concepts 
are presented from the literature to help understand the design of the uniplanar 
balanced dipole antenna. 
A dipole resonates when the imaginary part of the input impedance at its terminals is 
on. This occurs when the length of the dipole is equal to ')J2, 3')J2, S')J2 and so on, 
where A is the wavelength of the input signal. Figure 4-1 shows the return loss and 
input impedance (real and imaginary) of a centre fed planar dipole in air. A good 
match is achieved where the imaginary impedance is on and the real impedance is 
equal to the generator impedance (assuming the generator has on imaginary 
impedance). In Figure 4-1, this occurs at the first resonant frequency. At subsequent 
resonant frequencies, the match has deteriorated as the real input impedance is not 
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equal to the generator impedance at the point where the imaginary input impedance is 
OQ. 
• 
800 
600 
" E 400 ~ 
~ 
" u 200 c 
.. 
"0 
8. 0 § 
1-200 
E 
-400 
'/ ""'\ /" 
"""'" 
./ 
1\ \ 1\( 
~ " /""""-. v J 
-If \ "' .;' "' ...... ./ ........ r--/ 'l \ / I~\' 
------
-, 
V V --Z-real 
- Z-Imaginary 
- S11 
-600 
3 5 7 9 11 13 15 
Frequency 
Figure 4-1 - Return loss and input impedance of a centre fed planar dipole in air 
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The first resonance at 2.2GHz is caused when the length of the dipole is roughly equal 
to Y, a wavelength. It is well known that the tenninal impedance (2) of a thin, linear, 
centre-fed, Y, wave antenna with sinusoidal current distribution is given by [3] 
Z = 73 + j42.5Q (4.1) 
To make the inductive reactance zero, i.e. to make the antenna resonant, the length of 
the dipole is reduced by a few percent (0.47A. or 0.481.. for the length). This length 
modification, reduces the terminal resistance to about 65Q. The antenna simulated in 
Figure 4-1 has a generator impedance of 68Q, giving a very good match at Y, 
wavelength. 
At each of the resonant wavelengths, the dipole exhibits a different radiation pattern 
[4]. E-plane co-polar radiation pattern cuts at the I SI, 2nd and 3'd resonant frequencies 
are given in Figure 4-2. The boresight beam (at 0°) becomes more directional and 
there is an increase in the number of side lobes as the frequency increases. In thi s 
study, optically activated swi tches are integraled onlo a Y, wavelength dipole and so 
this particular mode of operation will be focused upon. On a Y, wavelength dipole, 
the current maximum occurs at the centre feed point and the minima at the two ends 
of the dipole. The resulting 3D radiation pattern of a printed Y, wavelength dipole is 
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given in Figure 4-3 along with a diagram indicating the orientation of the antenna. 
The pattern null s occur along the axis of the dipole (in the +x and -x direction). The 
patterns are perfectly syrnn1etrical in three planes, zy, xy and xz in terms of E-plane 
and H-plane co-polar and cross-polar values. 
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Figure 4-2 - E-plane cuts for a cenlre fed dipole al 112 wave, 312 wave and 5/2 wave resonances 
y }-x 
Figure 4-3 - A cenlre fed prinled dipole wilh resulting radialion pattern 
With the dipole printed on a substrate, it differs from the classical model of a thin 
circular wire in air in that half the fi elds have to pass through a substrate. As there is 
no ground plane and the permittivity of TL Y-5 is 2.2, a value close to I is expected. 
Simulations carried out using a centre fed dipole on a substrate and another suspended 
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In air allows the a effecti ve pennitti vity to be calculated as 1.1 5. This effective 
pennitti vity will be used throughout the study. 
4.3 Dipole feed construction 
Centre fed dipoles can be excited easil y in 3D modell ing packages such as Micro-
stripes by defining an alternating vo ltage between the dipole anns, but in practi ce 
connecting lines are required to feed the dipo le with the sinusoidal signa\. As will be 
seen in section 4.4.1, thi s is achieved through a combination of Coplanar Waveguide 
(CPW) and Coplanar Strip (CPS) line feeds with a balanced transition in between. 
The benefit of using coplanar transmission lines is that all structures are on the same 
plane and so holes do not need to be drilled through the substrate to reach the ground 
plane. Single sided antenna structures al so greatl y simplifies the manufacturing 
process as no alignment of top and bottom masks are necessary when canrying out 
photo-etch ing. 
4.3.1 CPW theory 
The geometry of a coplanar waveguide is shown in Figure 4-4. The signal is applied 
to the centre feed while the two conductors either side are grounded. A CPW can be 
easil y excited using end-launch SM A connectors making this feed structure an 
attracti ve option. CPWs are inherently unbalanced transmission lines. 
14- ----- 2c ------41 
~~: ;1 
Copper track Substrate 
Figure 4-4 - COI>l anar wavcguide (e pW) geometry 
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Quasi -static analysis of a CPW has been carri ed out using the con formal mapping 
method to characteri se the impedance of the line [5]. The resulting equations are 
presented here but for a detailed analysis of the derivation , the reader is directed to 
[6]. Referring to Figure 4-4, the characteristic impedance of a CPW is given by 
where 
and 
z _ 307l' K' (k,) 
0 - J&:: K(k,) 
K(k,) 7l' 
for 0 ~ k, < 0.707 = K '(k,) 
[ I +~) In 2 
1- .p::; 
[ I+A) In 2 A 
K(k,) 1- k, 
for 0.707 ~ k, ~ I = K'(k,) 7l' 
K(k, ) 7l' for 0 ~ kz < 0.707 = K'(k, ) 
[ I+ R) In2 R 1- k' , 
[ I +$;) In 2 
K(k, ) 
= I-$; forO.707 ~ kz~ I K'(k, ) 
b' 
1- -
c' 
a' 1- -
c' 
sinh( 7!'a) 
k _ 2" 
, - sinh( 7l'b ) 
2ft 
7l' 
Sinh '(* ) 
Si nh '(7l'C) 
2h 
SIn -'h ,(7l'a ) 
1_ 2ft 
Sillh '( 7l'C ) 
2" 
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And fi nally, 
6 = I + E, - I K(k, ) K'(k ,) 
re 2 K'(k , ) K(k ,) (4.5) 
These equations when entered in the calculation software package Mathcad [7], allow 
easy computation of impedance for a given set of dimensions, or vi ce versa. 
In addition to dielectri c and ohmic losses, a CPW can couple power to surface waves 
and radiate from unwanted modes. The parasitic mode in a CPW is the odd mode 
which can be excited at di scontinuities. Radiation from the odd mode is reduced by 
maintaining symmetry in the li nes and by using air bridges (bond wires) at 
di sconti nuiti es to short them out. 
4.3 .2 CPS Theory 
A coplanar stripline could be described as an inverse of a coplanar waveguide. 
Replacing the copper tracks with air and the air gaps with copper tracks, a CPW is 
transfo rmed into a CPS as shown in Figure 4-5. As a result, the equations used to 
deri ve the line impedance fo llow a si milar pattern. The impedance of a CPS line is 
generall y high because of the low capacitance per uni t length owing to the edge-to-
edge position of the conductors [8]. 
t I 
h!r'-----9~-k==L--( 
Copper track Substrate 
Figure 4-5 - Copianar stripiine (CPS) geometry 
Following the same conformal mapping method used for the CPW, the impedance fo r 
a CPS can be ca lcul ated as 
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z = 1207rK(k,) 
o ~ K'(k) 
"Cre 1 
(4.6) 
where _K....:.(kc:'·,~) and K(k2) are defined as before in (4.3) and (4.4) but the terms k" 
K'(k , ) K'(k2) 
and k'=~ , -V' -K, 
The relati ve permittivity is also defined as before in (4.5). 
UnfOItunately, results from thi s analysis depart from those obtained through 
numerical methods for the condition hlb < I. As a rel atively thin substrate is used for 
the antenna, the accuracy of the CPS impedance calculations will be reduced. Micro-
stripes is used to model a number of CPS lines and comparing the results with those 
from the above equations suggest the quasi-static equations have an error of about 
10% for thin substrates with low pennittivities. Therefore, the equations for the CPS 
are only used to estimate the characteristic impedance with 3D models in Micro-
stripes used to confim1 these values. 
4.3.3 Broadband balun 
A balun, abbreviated from the words balance and unbalance, cormects a balanced 
two-conductor line to an unbalanced transmission line [3]. In the case of this dipole 
anterma, the balun connects the unbalanced CPW to the balanced CPS. A balanced 
feed has equal amplitude and 1800 out of phase signals with respect to ground. If the 
co-axial line, via a SMA end launch connector, feeds a coplanar strip line onto a 
dipole, the current amplitude on each arm will not be symmetrical. A significant 
portion of the current on one arm will travel back down one side of the CPS and 
di stort the radiation pattern by adding a vertica l polarization component. A non-
symmetrical radiation pattern is one indication of an unbalanced feed. The ci rcular 
balun employed here converts the unbalanced signal on the CPW to a balanced signal 
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on the CPS. The broadband nature ensures a good match can be achieved over the 
whole frequency switching range. 
4.4 Dipole 1 
A coplanar waveguide fed coplanar stripline dipo le antenna was first presented by 
Tilley et al. [9]. This was later modified by Kolsrud [10] to include varactor diodes 
on the anns of the dipole to achieve frequency tuning. In this study, the original 
antenna construction is thoroughly evaluated in 3D modelling packages and it forms 
the basis onto which the optically acti vated switches are added. 
4.4.1 Basic Antenna design 
The geometry of the adapted dipole is given in Figure 4-6. The design for a fu ll 
length dipole is first optimised before the optical swi tches are added. In order to 
reduce radiation losses from the antenna and to prevent surface waves from 
propagating, a low pennitti vity materi al with a small thickness is required . The 
substrate used in the previous chapter was TLY-S with a pennittivity of2.2, substrate 
thickness of 1.17mm and copper cladding thickness of 1 8 ~m. The same dielectri c is 
used for the construction of the antenna as it meets the requirements of low loss and 
low pennittivity. 
1 ~1----- 62.4 mm'----- ~ I 
46.9 mm 
• 
1 27.3 mm Coplanar 
<- Stripline 
(eps) 
TT ..-.. '/ Bond wires 
-
12.2 mm 
19.6mm Coplanar 
~--- waveguide 
(CPW) y 1 
I<--"'&~--" 14mm 14mm 
Feed 
Figure 4·6 - Geometry of Dipole I 
The articl e by Tilley [9] onl y provides some of the dimensions needed to construct the 
antenna, and so the rest of the dimensions are optimised for best perfonnance through 
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simulations in Micro-stripes. Ti lley suggests a SOQ epw feed using a 0.1 mm gap 
and 2mm line thickness. This passes through the balun onto a 80Q eps connecting to 
the dipole. At the time of designing this antenna, a 0.1 mm gap could not be 
consistently reproduced using department facilities, due to poor manufacturing 
tolerances. The time and monetary cost of outsourcing the photo-etching to a 
company was also considered too great. The minimum gap size that can be reliably 
reproduced in-house is 0.2mm and so tlus is chosen fo r the epw gap. This requires a 
feed thickness of 6.8mm to achieve a SOQ epw impedance, which in simulations 
proved to be an impractical design, as the vastly increased ground width has a 
detrimental effect on the radiation pattern 's axial symmetry. Instead, a feed thickness 
of2.2mm giving a epw impedance of62Q is incorporated into the original geometry 
and simulated to compare return loss results with the original. The two different 
antenna simulations, one with the suggested SOQ epw feed and one with the new 
62Q epw feed give the return loss results shown in Figure 4-7. When using a SOQ 
connector, both feed ing methods give similar S I I results that are well matched at the 
dipole resonance frequency. The 2.2mm wide eps with a 0.2mm gap has an 
impedance of about I 12Q. Neither feed matches the 73Q radiation resistance of the 
dipole antenna and so the eps inevitably becomes part of the impedance matching 
structure. However, as this does not adversely effect the match at resonance, the feed 
with a 0.2mm gap can be safely used. 
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Figure 4-7 - Return loss co mparison for antenna with two different CPW feeds. 
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The second resonance at 3.80Hz is attributed to the CPS feed. Figure 4-8 compares 
the simulation results from two centre fed antennas, one with a wire feed (no CPS) 
and the other with a 46.9mm long CPS . It shows how introducing a CPS feed 
changes the input impedance by increasing the number of possible resonance points 
(defined as frequencies where the imaginary input impedance is zero). These new 
asymptotes are unavoidable as they occur when the length of the CPS is equal to Y, 
wavelength or multip les thereof. When the CPS feed is attached to a son port, the 
additional resonance points become matched if the real impedance at that point is in 
the vicinity of son. As seen by the arrow in Figure 4-8, this happens when the input 
reactance is zero between two asymptote points. The closer the real impedance is to 
son, the better the match becomes giving a deeper S II minima. All simulations are 
referenced to a son port because the antennas are connected to son SMA connectors 
once built. With increasing CPS feed length, more impedance asymptotes appear in a 
given frequency band, increasing the likelihood of further S 11 minima appearing in 
the band. 
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Figure 4-8 - Simulation of centre fed dipole antenna with wire feed and CPS feed 
With a substrate of permittivity 2.2, it is not possible to design a CPS with an 
impedance of 73n without reducing the stripline separation distance below 0.1 mm. 
ot only does tltis become an impractical design in tem1S of manufacturing abi lity but 
the losses in the CPS increases as the gap decreases. The other solution is to increase 
the permittivity of the substrate. This increase in permittivity also decreases the 
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radiation resistance of the dipole and so the CPS impedance will have to be decreased 
by increasing the permitti vity yet again. This endless cycle makes a perfectl y 
matched antenna feed di ffi cult to achieve. Furthermore, the effi ciency and bandwidth 
of the antenna decreases as the pennitti vity of the substrate increases, making this 
route an unattractive option. The 2.2mm wide CPS with a O.2mm gap used in thi s 
design gives a characteri sti c impedance of about 11 2Q, which although not matched 
to the 73 Q radiation resistance of the dipole, when combined with a 62Q CPW and a 
balun gives a good return loss match at the resonance frequency (see Figure 4-7) . 
A parametri c study on the effect of CPS length on the return loss is carri ed out 
keeping all other antenna dimensions constant. The resulting S I I is given in Figure 
4-9. The main half-wavelength resonance at about 2.2GHz changes very li ttl e with 
increasing CPS length compared to the second resonance points (indicated by the 
coloured arrows). The small shi ft in the dipole resonance is because the CPS is not a 
73Q line. Ifi t were 73Q and the CPW section transfonned the input impedance fro m 
SOQ to 73Q, the length of the CPS would have no effect on the match and the 
resonance frequency as the impedance of the line would be 73Q at all points. As the 
implemented CPS has a higher characteristic impedance, it becomes part of the 
impedance transformer and so the length of the CPS governs the impedance at the 
end. As a result, the frequency of best resonance match (where the reactance and 
resistance are closest to OQ and SOQ respecti vely) changes to accommodate the 
change in impedance presented at the dipole terminals. 
The second resonance is a direct result of the feed length. The first asymptote occurs 
when the feed is Y2 a wavelength long and the second when it is a full wavelength 
long. In between these two points where the reactance is zero, the resistance is 
suffic iently high enough to cause a noticeable match to SOQ resulting in a minima in 
the S 11. As the feed length increases, the frequency at which it equates to Y2 a 
wavelength decreases and so the second resonance moves down in frequency, as 
shown by the coloured arrows. 
Parametri c studies have been carri ed out on a number of di fferent antenna dimensions 
in order to max imise the return loss match at resonance and to reduce the match at the 
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second resonance. The effects of these changes on the radiation patterns are also 
observed. 
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Figure 4-9 - Change in return loss with increasing gap between the dipole arm s and the CPW 
ground plane 
According to the theory presented in section 4.3.1, the width of the CPW ground 
plane has only a small effect on the impedance of the line when its width is greater 
than six times tbe centre line thickness. However, the ground plane width plays an 
important part in the shape of the rear radiation pattern. Wide ground planes reduce 
radiation backwards, changing the pattern from the classical ' figure-of-eight' shape. 
A ground width of 14mm is chosen to strike a balance between good S II and good 
boresight axial symmetry in the rad iation pattern. 
4.4_2 Broadband balun design 
The broad band circular balun first proposed by Tilley et al. [9] is based on work done 
by DeBrecht [11] on CPW to CPS transitions. The surface current at the CPW /CPS 
transition is shown in Figure 4-1 0. The circular stub on the left CPW ground plane 
acts as a wideband open circuit forcing the electric field to be concentrated in the 
region between the CPS lines. The hot current region directly opposite the bal un is a 
direct result of the open circuit. The bond wires ensure the ground planes are at equal 
potential preventing the excitation of parasitic modes. 
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Circular 8alun -,.;-- CPS 
~~~~--7 Bond wires 
Figure 4-10 - Surrace current (dB) at the CPW/CPS transition 
This type of CPW to CPS transition has been investigated further in the li terature and 
later versions include tapered CPW feeds [10] and Chebyshev multi section impedance 
transformers [12 - 14] . Although the literature refers to these as Chebyshev 
transformers, a true Chebyshev transformer is constructed from Y. wavelength 
sections [1 7] and so at 2.50Hz an impedance transformer with 3 or 4 sections 
becomes impractically long. The transformers used in the literature [12 - 14] are more 
akin to one Y. wavelength long tapered impedance transformers. 
A single Y. wavelength CPW section in between the SMA feed and the circular balun 
can be used to match the son CPW to the impedance of the CPS. The Y. wavelength 
section would be given an impedance of ~ ZoZ L where Zo is the characteristic 
impedance of the CPW and ZL is the characteristic impedance of the CPS to achieve a 
perfectly matched transition at one fixed frequency [17]. At other frequencies, the 
section is no longer a Y. wavelength long and so the match deteriorates. To 
implement such a section in this antenna requires accurate photo-etching techniques 
as the change in width is very small. Unfortunately, such small step changes in width 
cannot be reliably manufactured using current in-house faci lities. 
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Without the use of a Y. wavelength impedance transformer, simulations predict a good 
match at resonance. The balun, which is an open circuit to the CPW also acts as an 
impedance transformer with the lengths of the CPS and CPW influencing the match. 
4.4.3 Implementation of optical switches 
Using the same chamfered topology employed on the transmission lines, optically 
activated silicon switches are added to the optimised dipole design. Two I mm x 2mm 
x 0.3mm silicon dice are positioned over chamfered gaps 5.4mm from both ends of 
the dipole as shown in Figure 4-11. 3D modelling is carried out using the permittivity 
and conductivity values derived in chapter 2 to predict the response of the dipole 's 
resonance frequency as the optical power on each switch is increased. 
! . Fibre optic cabIe5--~ i 
• • 
., J' l5.4mm 
Silicon switch Silicon switch 
/ 1.8mm 
O.5mm-t ~-~ 
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.. 
-
....... 
004 mm 
-YL; 
Figure 4-11 - Geometry of dipole 1 with optical switches 
Simulations show that the chan1fered gap can be increased beyond 0.25mm without 
effecting the match at resonance in the ON state. This is because the silicon dice is 
simulated as a block of dielectric with a uniform conductivity that is high enough to 
efficiently bridge a large gap. This increase in gap size improves the isolation 
between the shorter length dipole and the extensions in the OFF state. In reality, the 
non-uniform photon density across the silicon dice will cause different conductivities 
in the length ways cross-section making it difficult to bridge large gaps. Therefore, 
the gap width is limited to O.4mm. 
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The position of the switches in relation to the ends of the dipole dictate the magnitude 
of the frequency shift that can be achieved. A large frequency shift is achieved by 
moving the switches closer to the centre feed (i.e. making the dipole shorter in the 
OFF state). The current switch position results in a 50.8mm long dipole in the OFF 
state but as seen in Figure 4-12, a much better match can be achieved at a higher 
frequency by shortening the dipole to 41.8mm. Further shortening beyond this length 
results in deterioration of the match. However, the radiation pattern of the antenna 
becomes more distorted as the dipole is shortened beyond 50.8mm, even though a 
better match can be achieved at these lengths. Therefore, to maintain a good match 
and rad iation pattern, a dipole length of 50.8mm is chosen by locating the tapered 
gaps 5.4nun from the ends of the dipole arms. 
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Figure 4- 12 - Sh ift in resonance frequency when the dipole is shortened by moving the chamfered 
gaps closer to the centre feed 
The antenna is modelled with the permittivity and conductivity values derived in 
chapter 2. These values are also used in simulations of switched microstrip 
transmission lines in chapter 3. Figure 4-13 shows the shift in frequency achieved 
when the properties of the dice are changed from conducting to non-conducting, as 
well as the resonance frequency of the antenna without the silicon in place (open 
gaps). The permittivity and conductivity values corresponding to OmW and 200mW 
of optical power are given in Table 4-1. In the OFF state, the dipole has a - IOdB 
bandwidth of 17% and resonates at 2.558GHz. In the ON state, the bandwidth is 
15 .3% and it resonates at 2.28GHz. From both switches OFF to both ON, there is a 
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10.8% shift in frequency. Adding the silicon dice over the gaps reduces the resonance 
frequency as this dielectric loading increases the capacitance across the gap. A 
similar trend is observed with the switched transmission line in chapter 3 where the 
through path transmission increases when the silicon dice is fixed in place. 
State Permittivity Conductivity (S/m) 
OFF 11.7995 0.03517456 
ON 10.0322 150.45003 1 
Table 4-1 - Permittivity and conductivity va lues corresponding to OFF (OmW) and ON (200mW) 
states 
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Figure 4-13 - Simulated switched dipole antenna in the ON and OFF states 
Figure 4-14 shows the predicted change in resonance frequency as the conductivity of 
the silicon switches are gradually increased. Tlus is the expected response when the 
optical power illuminating each switch is increased. With increasing conductivity, the 
match deteriorates and the resonance frequency lowers. As the conductivity increases 
past 4.743S/m, the resonance frequency continues to reduce while the match at 
resonance improves to about - 30dB. 
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Figure 4-1 4 - Simulated switched dipole antenna SI I response to changing silicon conductivities 
(in S/m) 
The antenna is manufactured by photo-etching a TL Y -5 substrate with a copper 
cladding ISJ.lm thick. In a similar fashion to the transmission lines in chapter 3, the 
silicon dice are held in place over the tapered gaps using silver loaded epoxy. As 
illustrated in Figure 4-1 5, the fibre optic cables are held at an angle of about 45° over 
the silicon swi tches using two removable plastic clamps. The plastic construction of 
the clamps eliminates rad iation coupling form the antelma. 
Figure 4-15 - Plastic clamps holding the fibre optic cables a t an angle of 45° over the silicon 
switches 
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Return loss as well as boresight gain measurements are carried out with the switch 
illumination powers varying from OmW through to 200mW. Radiation patterns are 
also measured in an anechoic chamber. 
4.4.4 Measurements and Analysis 
Figure 4-16 compares measured and simulated S 11 results for the anterma in the OFF, 
ON and no si licon states. Return loss measurements were made using a HP 3753D 
Vector Network Analyser (YNA). The match in the simulations are generally better 
than those obtained in measurements and the agreement in resonance frequencies is 
fair. This slight discrepancy is probably due to errors introduced in the manufacturing 
process where the photo-etched gaps in the CPW and CPS were not exactly 0.2mm. 
CPS impedance in particular is very sensitive to the gap width, specially when the gap 
is so small [6] , and so the manufacturing tolerances are critical. If the input 
impedance into the dipole ternlinals change, the resonant frequency will shift to 
accommodate this change. 
0 
-5 
-10 
ID 
-15 
:!!. 
~ 
~ , ~ ~ ~ "'\?""" ~ , Yt. J. 'I' --Measured Off 
/ , - Measured On 
u; 
-20 
- Simulated Off 
-25 - - --Simulated On 
-30 IV - Measured No silicon , 
Simulated No silicon 
-35 
1.5 2 2.5 3 3.5 4 4.5 5 
Frequency (GHz) 
Figure 4--16 - Measured and simulated return loss resu lts for and the antenna in the ON, OFF 
and without silicon states 
The - 1 OdB bandwidth in the OFF state is 17.4% and in the ON state is 15.2% and the 
resonance frequencies are at 2.49GHz and 2.22GHz respectively. From both switches 
OFF to both ON, the frequency shift is 10.8%. These results agree well with the 
predicted results from simulations. 
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Figure 4-17 shows the shift in antenna resonance frequency as the optical powers 
delivered to the switches are changed from OmW to 200mW in a number of 
increments. The general trend compares weJl to that observed in the simulations (see 
Figure 4-14). With the initial increase from OmW, the resonance frequency lowers 
and there is a slight improvement in the match. Further optical power increase results 
in continuing reduction in resonance frequency but the match deteriorates to about -
20dB by 0.7m W. Next, the match begins to improve and at Srn W, the shift in 
frequency is almost compete and the best match is achieved. From S to 200mW, there 
is only a smaJl shift in frequency from 2.240Hz to 2.220Hz but the match 
deteriorates from -4S.9dB to - 19.8dB. The graphs in Figure 3-33 and 3-34 indicate 
that in a transmission line switch, Sm W of optical power would only improve the 
transmission from - 13dB to - SdB at 2.50Hz. However, the complete shift in dipole 
frequency observed at Srn W may suggest the gaps have been bridged and that the 
dipole is resonating at its full 62.4mm length. 
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Figure 4-17 - Measu red change in return loss with increasing optical illumination (indicated in 
mW) of silicon switches 
Absolute gain measurements were carried out in an anechoic chamber (Figure 4-21 ) 
using a HP 37530 VNA and a Rohde & Schwarz known gain broadband horn 
antenna. The Friis transmission formula relates the power received at the transmitting 
antenna (Po) and the power received at the receiving antenna (Pr) to the gains of both 
antel1.llas (00 and Or), along with their separation distance (R) and the operational 
wavelength (A.). 
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(G O)dB +(G,)dB = 20 10~ 4~R )_ 1010~::) 
The antennas are boresight and polarization aligned before carrying out the 
measurement. The Friis equation requires the transmitting and receiving antennas to 
be matched to the YNA. The transmi tting antenna is broadband and so is well 
matched in the required fTequency range. However, the antenna under test (AUT) is 
only matched in its resonating frequency range and so the return loss of the AUT has 
to be incorporated into the Friis equation. The measured gain value is corrected to 
meet IEEE standards [15] by dividing G, (in the linear form) by I -W12 where r is the 
reflection coefficient of the AUT in linear form. In doing so, the gain of the antenna 
is expressed only in terms of directivity, conduction efficiency and dielectric 
efficiency; the gain is no longer dependant on the reflection (mismatch) efficiency. 
Examination of the antenna boresight gain with changing optical power in Figure 4-1 8 
shows although the resonance frequency has shi fted by 5m W of optical illumination, 
the sh ift in gain is by no means complete. With the smallest application oflight, there 
is a dramatic drop in the antenna gain across the who le observed fi-equency range. 
With 5mW of optical illumination, the gain at the 0 resonance frequency i still less 
than that observed when no light was applied. It takes more than 15mW of light for 
the gain at this frequency to increase above the level seen in the OFF state. 
Figure 3-37 in chapter 3 showed how the losses in the si licon increases dramatica lly at 
very low opti cal powers and then reduces as the optical power increases towards 
200mW. Poor efficiency in the swi tch results in poor antenna efficiency giving low 
gain. In this low optical power range, the input R.F power is absorbed by the lossy 
swi tches rather than radiated into free-space. The optimum match observed at 5mW 
indicates where the dipole is best matched to the son SMA connector but does not 
infer high antenna efficiency. Therefore, a shift in resonance fTequency can be 
achieved with low optical powers but to obtain maximum gain in the 0 state, higher 
optical powers are needed. A simi lar result was observed in chapter 3 where small 
optical powers saw a large shift in transmissio n line S21 but much higher powers 
were needed to achieve good transmission (>-1 dB). When comparing the dipole in 
the ON state with a reference full-length dipole with no discontinuities, the reference 
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antenna has only a 0.16dB increase in gain. Taking the tolerance of the anechoic 
chamber into account, thi s difference is marginal and so it can be safely assumed that 
the switch is fu lly ON and the antenna is radiating as a fu ll length dipole. 
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Figu re 4- 18 - Change in bo resight anten na ga in wit h increasing optical illum ination of silicon 
switches 
The increase in gain at the OFF frequency (indicated by the arrow) with increasing 
optical power beyond I mW is due to the broad band nature of the dipole. In fact, 
according to Figure 4-16 the antenna in both states has a S 1I better than - 3dB for 
most of the freq uency range above 1.80 Hz. With a narrowband antenna, a more 
noticeable shift in gain should be observed. 
Figure 4-19 and Figure 4-20 show the surface currents on the left dipole arm and the 
surrounding electric fi elds at the phase where the dipole current is maximum in the 
switch OFF and ON states. Once again the silicon is not displayed as it is defined as a 
dielectric. In the OFF state, the extension is relatively cool showing a maximum of -
25dB to - 30dB of surface current. Compared to an open tapered gap, there is a higher 
level of coupling caused by the presence of the silicon dice but it is clear that the hot 
regions terminate by the start of the tapering. There are very strong electri c fi elds in 
the gap between the two dipole sections and there appears to be some radiation off the 
extension. There is however, a clear interruption in the normal fi eld compared to 
Figure 4-20 as a result of switching OFF the silicon. 
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-40 -30 -20 -10 
Figu re 4-19 - Surface current (dB) on left dipole arm and surrounding electric field (dB) with 
silicon switch in the OFF state 
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Figure 4-20 - Surface current (dB) on left dipole arm and surrounding electric field (dB) with 
sil icon switch in the ON state 
In the ON state, strong electric fields are observed off the top and bottom edges of the 
silicon dice. The surface currents are concentrated on the chamfered edges and the 
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centre section of the gap is relatively cool. This suggests that the major part of the 
conduction through the silicon happens at the top and bottom edges of the silicon 
where it overlaps the top and bottom chamfered sections. The electric fi eld emanating 
from the left arm shows no ill effects due to the presence of the discontinuity. 
Figure 4-2 1 - Photograph or anechoic chamber showing antenna positioner 
Figure 4-2 1 shows the anechoic chamber where antenna radiation patterns and gain 
measurements were carried out. The AUT is positioned on mechanical arm that is 
capable of rotation in the hori zontal and verti cal planes. A standard antenna is 
positioned at the near end of the chamber on a column that al lows rotation in the 
vertical plane. The two ports at both ends are connected to a HP 87530 VNA and a 
full 12-term cal ibration carried out to remove errors. A computer controls the rotation 
of the AUT while recod ing the received power at different angles of incidence. 
Figure 4-22 to Figure 4-25 show the simulated and measured co-polar cuts of the E-
plane and H-plane fo r the ON and OFF states at 2.22GHz and 2.49GHz respectively, 
as well as reference antennas fo r the ON and OFF states. The CPW fed dipole 
radiates about 2dB less power in the rear direction compared to boresight. This non-
symmetry is caused by the CPW ground planes reflecting some of the back radiated 
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energy. The width of the ground planes control the level of back radiation but can 
also adversely effect the boresight axial symmetry. 
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Figure 4-22 - Si mulated E and H-Plane co-polar pattern cuts for switched dipole in the OFF state 
(2.49Gl:lz) 
The E-plane minima which should occur at ±90° have been offset as if the dipole has 
been rotated. From the simulated patte11ls, the maxi mum gain in the E-plane occurs at 
6.8°. This observed in both simulations and measurements, precluding the possibility 
that it is a measurement eITOr. In fact, the same result is observed in the rad iation 
patte11l for the full-length reference antenna (Long dipole) and the shorter length 
reference antenna (short dipole) in Figure 4-24 and Figure 4-25 . 
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Figure 4-23 - Simulated E aud R-Plane co-polar pattern cuts for switched dipole in the ON state 
(2.22G I·lz) 
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Figure 4-24 - Measured E>Planc co-polar pattern cuts for switched dipole in the OFF state and 
short reference dipole (2.49G Hz) 
There is very li ttle difference between the radiation patterns for the antenna in the 
OFF slate and its reference antenna. The effects of the sili con switch in the OFF state 
on the rad iation pattems are nonexistent. The agreement in rad iation patterns between 
the ON state and the long dipole is less di stinct but there is no suggestion of 
distortions caused by the silicon switches. 
126 
------------........... 
Optically reconfigurablc CPW-fcd planar dipole antenna 
135 
180~------
x. 
y 
,,- . 
-1 35 
-20 -25 
, .... 
90 
-90 
................... 
c· 
-25 -20 
45 
o 
-45 
- Long Dipole 
...0()- Switches On 
Chapter 4 
Figure 4-25 - Measured E-Plane co-polar pattern cuts for switched dipole in the ON state and 
long reference dipole (2.22GHz) 
Careful examination in Micro-stripes of the surface current patterns and the electric 
and magnetic fields of the CPW fed antenna shows an unbalanced CPS feed (see 
Figure 4-26). The two strips are not exactly 1800 out of phase and as a result the 
current density on one arm is higher than the other, giving a radiation pattern that is 
skewed to one side. 
·10 
Surface Current (dB) 
Figure 4-26 - Surface current (dB) on the switched dipole in the OFF state 
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Figure 4-27 - The balun section showing the surrace currents (dB) on the copper and electric 
fi eld in dielectric 
Figure 4-27 shows a simulation of the balun section of the antenna. Surface currents 
are shown on the copper regions and in the dielectric regions the electric fie lds are 
shown. As expected, there are strong fie lds in the slots of the CPW. At the circular 
stub, the CPW changes to a Cl'S and the fields become concentrated mainly in the 
right hand slot. On passing the circular stub, the transmission line reverts back to a 
CpW and strong fie lds are again observed in the left hand CPW slot (indicated by the 
arrow). On its fmal transition to a CPS, the left hand slot of the CPW sees an open 
circuit and strong electric fields are emanated from this region. The clearly observed 
wlbalanced fields surroWlding the Cl'S are responsible for the interference on the 
dipole radiation pattern causing the skew off boresight. 
Attempts to remedy the Wlbalanced fields at the base of the CPS by altering the 
vertical position of the circular stub or by increasing the separation between the dipole 
amlS and the CPW ground were Wlsuccessful. In its current configuration, the balun 
does not feed the dipole in a balanced manner. 
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4.5 Dipole 2 
Although the first dipole presented achieves its goal of shifting its resonance 
frequency when the optical switches are operated, the shift in gain is not distinct. 
This was because the dipole was relatively wideband and the shift in frequency was 
too small. In addition, it suffers from poor balun performance giving radiation 
patterns that are not symmetrical about the boresight axis. Dipole 2 presented here 
builds on the knowledge gained from the previous section to produce a switched 
dipole antenna that has a larger shift in frequency, a more di stinct change in gain and 
a more symmetrical radiation pattern 
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Figure 4·28 - (a) Geometry of the switched Dipole 2 with a notch at the feed point (b) CPW to 
Sloll ine T·Junction 
The geometry of the proposed antenna, as shown in Figure 4·28(a), has incorporated 
three major modifications from the previous design. First, the balun design is altered 
in an attempt to reduce the radiation pattern skew observed with the previous dipole. 
Secondly, a larger shift in resonance frequency is achieved by positioning the optical 
switches closer to the centre feed. Finally, an offset feed or a notch is introduced at 
the antenna terminals with a view to improving the match in the OFF state. 
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4.5.1 New balun design 
The new CPW to CPS transition is a modified version of a well investigated CPW to 
Slotline transition. Literature presents three different types of CPW to slotline 
transi tions. The first is based on a CPW-slot line T-junction [ 16 - 19]. The second is 
an uniplanar reali sation of a Marchand balun [20, 21] whi le the th ird is called a 
double Y balun [1 8, 22], which has a symmetrical transition giving a broad 
bandwidth. Out of the three designs, the fi rst is the least complicated and has been 
successfully adapted to a CPW to CPS transition [23]. 
Figure 4-28(b) shows how the balun is deri ved from a CPW to slotline T-junction. If 
output 2 is terminated in an open circuit, there is a complete transfer of current from 
the CPW to the slotline leaving at output I. Current on the centre feed of the CPW 
flows directly onto the top half of the slotl ine and the backward currents on the 
ground planes of the CPW combine through the bond wire to fo rm the current on the 
bottom half of the slotli ne, thus transfonl1ing the CPW mode to a slotline nlode. 
Finall y, reducing the width of the slotline creates the CPS. In the antenna structure, 
the circular stub acts as an open circuit with a non uni form impedance, giving a 
greater bandwidth match. The slotline is also in the same direction as the CPW 
enabling easier antenna excitation. As with the previous design, a bond wire is 
needed at the CPW discontinuity to suppress parasitic odd modes. Simulations of two 
back-to-back transitions show an insertion loss better than 1.5dB in the swi tching 
range of the d ipole antenna. 
The effecti veness of the balun in transforming the CPW mode to the CPS mode is 
highlighted in Figure 4-29. Compared to the surface CUITent on the previous dipole 
(see Figure 4-26), the new balun perfo rms as required to provide currents on the CPS 
that have the same magnitude but are 1800 out of phase. Si nce the transmission line 
changes from a CPW to a slotline and finall y to a CPS line, the strong electri c fi elds 
seen in the previous design at the base of the CPS have been eliminated. This 
contributes towards maintain ing a balanced feed. 
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Surface Current (dB) 
Figure 4-29 - Surface current (dB) on the switched dipole in the ON sta te showing balanced CPS 
line 
The resulting improvement in the E-plane radiation pattern is shown in Figure 4-30. 
Both patterns are obtained at 30Hz and neither of the dipoles have an offset feed . 
Only the baIun geometry is changed. Compared to the pattern at 2.50hz, a much 
larger skew is observed at 30Hz using the previous style balun. The minima occur at 
_77° and 99° degrees and the maximum gain is 10° off boresight. 
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Figure 4-30 - Comparison of E-plane cuts at 3GHz for OFF sta te dipoles with new and old balun 
designs 
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In sharp contrast, the dipole with the new balun shows better symmetry along the 
boresight axis. The E-plane minima are now located at -890 and 880 and the 
maximum gain is only 2.50 off boresight. 
4.5.2 Larger shift in frequency 
The switches in dipole I were set close to the ends of the dipole arms to minimise the 
di stortions on the radiation patterns in the OFF state. With the new balun functioning 
as required, the switches are moved closer to the centre feed point enabling a large 
shift in frequency. However, as the CPS characteristic impedance is still large 
compared to the radiation resistance of the antenna, shortening the dipole anns causes 
a larger miss-match giving a poor S 11 . This is counteracted by using an offset feed at 
the dipole terminals allowing the switches to be located 14.8mm from the edge of the 
dipole arms whi le maintaining a match better than - 15dB. The topology of the switch 
area remains unchanged from Dipole I. The predicted results for the antenna in the 
ON and OFF states are presented in Figure 4-31 . 
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Figure 4-3 J - Simulated return loss for switched dipole 2 in the ON and OFF states 
From the predicted results, the resonance frequency changes from 3.01 3GHz to 
2.25GHz when the switches are fu lly ON. This is a frequency shi ft of 25.3% from 
OFF to ON. The - IOdB bandwidths in the OFF and ON states are 12.5% and 10.8% 
respectively. 
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4.5.3 Offset feed 
The use of an offset feed in a CPW fed dipole antenna in [24] results in a very good 
match being achieved at resonance. By introducing a notch at the top of the CPS 
feed, the separation gap between the strips is increased. The two strip lines feeding the 
dipole are in effect moved away (or 'offset ') from the centre point. Following a 
parametric study on the effect of introducing a notch at the antenna terminals, in terms 
of changing notch width and notch length, a width of l.4mm and a length of 6mm was 
found to give the best results in both the ON and OFF states. Introducing the notch 
improves the poor match previously observed in the OFF state as seen in Figure 4-32. 
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Figure 4-32 - (Measjured and (Simju lated OFF state return loss results for switched antennas 
with different baluo and offset feed configurations 
4.5.4 Measurements and analysis 
As with the dipole 1, measurements on the new antenna are carried out in an anechoic 
chamber deriving radiation patterns as well as return loss and gain for different optical 
powers ranging from OmW to 200mW. 
Figure 4-33 shows the change in the dipole' s resonance frequency as the optical 
powers illuminating the switches are increased. Changing the illuminating power 
from OmW to 200mW, the resonance frequency shifts from 2.9401-lz to 2.270Hz in a 
22.8% fTequency shift. The measured - 1 OdB bandwidths are 11.5% and 9.4% in the 
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OFF and ON states respectively. There IS a small reduction In the measured 
bandwidth compared to the predicted values. 
The observed trend in resonance frequency shift is a simple one. As the optical power 
increases from OmW, the match at 2.940Hz (the OFF resonance frequency) begins to 
deteriorate and by I mW, the match is very poor (-6dB). At thi s point, the resonance 
frequency is located between the ON and OFF states. From I mW onwards, the match 
at 2.270Hz improves and at 200mW, the best match is achieved. 
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Figure 4-33 - Change in dipole resonance frequency with increasing optica l power (in mW) 
The trend observed here shows a marked di fference from that of the previous dipole. 
In Figure 4-17, the resonance frequency shifts completely by of 5m W of optical 
power and msplays the best match. Increasing the power beyond 5mW results in the 
match deteriorating and the resonance frequency changes very little . A dipole with a 
similar geometry to Dipole 2 except for the use of the old style baJun was built and 
return loss measured for varying optical powers. This antenna also shows the best 
match and a complete shift in frequency by 2m W of optical power, after which the 
match deteriorates to - I OdB without any shi ft in resonance frequency. As with dipole 
I, its gain continues to improve in the ON state as the optical power increases even 
though the match decl ines. In contrast, the match in the dipole 2 improves with 
increasing optical power beyond I m W with the best match finally achieved at 
200mW. This characteristic is due to the different impedance matching natures of the 
two types of baJuns. The second balun appears to have a capacitive nature and so the 
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input reactance is far more negative. With increasing optical power, the reactance at 
resonance tends towards on explaining why the match improves with optical power. 
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Figure 4-34 - Change in boresight gain with increasing optica l power for dipole 2 
[n Figure 4-34, similar to the previous dipole design, there is a large drop in absolute 
gain when the switches are first activated wi th low optical powers. This is 
particularly true at lower frequencies (less than 2GHz). Following the initial 
decrease, at the ON frequency, the gain begins to ri se as the optical power is creased 
from 0.7mW. With 200mW, the gain finally ri ses to 3.7dBi, just 0.5dBi higher than 
the gain obta ined at the same frequency when both switches were OFF. The low Q 
nature of the antenna gives ri se to a high gain over a larger band. However, when the 
antenna' s return loss is taken into consideration, very little power is transmitted 
outside the well matched frequency bands in the ON and OFF states. 
Figure 4-35 and Figure 4-36 show the simulated E and H-plane radiation patterns. 
Both patterns indicate that the skew off boresight has been drastically reduced. The 
ON state E-plane cut shows good symmetry and is indicative of a balanced dipole 
antenna. In the OFF state, the E-plane cut show a greater degree of asymmetry. This 
is caused by the increased coupling between the dipo le arms and the CPW ground 
planes as the separation di stance becomes closer to Y. wavelength. 
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Figure 4-35 - Simulated E and A-Pl ane co-pola r pattern cuts for swi tched dipole in the OFF state 
(2 .94G Hz) 
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Figure 4-36 - Simulated E and I'I-Plane co-polar pattern cu ts for switched dipole in the ON state 
(2.27G Bz) 
The measured E-plane cuts are given In Figure 4-37 and Figure 4-38 . Both 
measurements show good agreement with the predicted patterns. The slight di stortion 
seen in the OFF state simulation is also observed in the measurement. With 
increasing frequency, the coupling between the dipole and the ground planes increase. 
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As a result, the ground planes also radiate energy. Since the left and right grounds are 
offset from each other, the radiation is unequal. Therefore, the minima seen at ±90° 
show a noticeable difference. In the ON state, the coupling is reduced and so 
radiation from the ground planes is not as prevalent. 
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Figure 4-37 - Measured E-I'lane co-polar pattern cut for switched dipole in the OFF state 
(2.94GBz) 
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Figure 4-38 - Measured E- Plane co- polar pattern cut for switched dipole in the 0 ' state 
(2.27GBz) 
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_10 0 
_ __ .;.... _____ ~ Surface Current 
figure 4-39 - Surface current (dB) on left dipole arm with silicon switch in the OFI' state 
In Figure 4-39, the surface currents show between - 20 and - 30dB of current on the 
arm extensions when the switch is in the OFF state. This add itional coupling across 
the tapered gap caused by the silicon dice is responsible fo r lowering the resonant 
frequency compared to a shorter length dipole. The figure also shows high current 
regions on the offset CPS feed suggesting some energy maybe radiated from the notch 
rather than being transmitted through the dipole. 
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~1O o 
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Figure 4-40 - Surface current on left dipole a rm wilh silicon swilch in Ihe ON sla le 
In the ON state, there appears to be good transmission through the switch and the 
offset feed is considerably cooler compared to the OFF state. As with the previous 
design, the surface currents are concentrated mainly on the outside edges of the dipole 
arms. There is very little current on the copper track ei ther side of the O.4mm gap 
directly under the silicon dice. The hot region in the switch is confi ned to the top and 
bottom chamfered edges. 
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In section 4.2, it was stated that a dipole resonates when its input reactance is on and 
its input resistance is equal to the generator resistance. Figure 4-41 shows the S II 
and input impedance results from two identical centre fed dipoles printed on TL Y-5 
substrates with generators that have two different resistances. The first dipole 
resonates at 2.050Hz when the generator resistance is set to 68n and the second 
dipole resonates at 2.90Hz when the generator resistance is set to 510n. At both 
resonance points very good match is achieved. The fi rst resonance occurs when the 
dipole is 1/2 wavelength long and the second when the dipole is 2/3 wavelengths 
long. In this study, only the 1/2 wavelength resonance is tuned as the CPW/CPS feed 
transforms the son SMA connector closer to 68n than 51 on. In theory, the match at 
2.90Hz could be improved by making the CPS impedance 510n. 
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Figu re 4-41 - 51 1 and input impedance of two centre fed dipoles with port im pedances of680 
and 5100 
Introducing an offset feed reduces the terminal resi stance of the dipole at the 2/3 
wavelength resonance down from 51 on and as a consequence of enlarging the gap in 
the CPS feed, the CPS characteristic impedance simultaneously increases. Therefore 
by using an offset feed , the CPS impedance becomes matched to the terminal 
impedance and so the dipole then resonates at 2/3 wavelength rather than 1/2 
wavelength. 
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In dipole 2, the offset feed cau es the 2/3 wavelength resonance to become better 
matched as observed at the high frequency range of Figure 4-33. The high gain seen 
at 3.5GHz in Figure 4-34 is a resul t of this improved match. The use of the offset 
feed is therefore counterproducti ve as it causes the match to shift away fi'om the 1/2 
wavelength resonance. 
4.6 Dipole 3 
The concept of an offset feed is di scarded in favour of achieving a better match in the 
OFF state through other modi fi cations to the antenna and feed. Through parametric 
stud ies in Micro-stripes, a number of improvements are made to Dipole 2 and are 
presented in the next section. 
4.6.1 Design improvements 
The geometry of the fin al design, Dipole 3, is given in Figure 4-42 . The switches are 
still located 14.8mm from the ends of the di pole anns but the ann thickness has been 
reduced to I mm. As the dipo le currents are concentrated mainly on the edges of the 
copper track, a thick dipole ann is deemed Ulmecessary and the reduction in width 
improves the match to the CPS. The gap in the switch is maintained at O.4mm but the 
chamfering now changes the width of the li ne from I mm to 0.6mm. The size of the 
silicon dice is also reduced to I mmx I mmxO.3 mm to accommodate the new switch 
topology. With this size dice, the whole switch region is covered in silicon. Reducing 
the size of the dice any fu rther makes the construction and the positioning of the fi bre 
optic cables extremely diffi cult. 
The overall length of the CPW/CPS combined feed has been reduced by 2.9mm in 
order to move the resonance caused by the length of the feed fu rther up in frequency. 
The overall length of 44mm is a compromise between having minimum coupli ng 
between the dipole and the CPW ground plane and moving the feed resonance away 
from the dipole resonance in the OFF state. The width and height of the ground 
planes either side of the CPS are also made equal in order to improve the E-plane 
rad iation pattem symmetry of the antenna in the OFF state. 
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Figure 4-42 - Geometry of dipole 3 
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Improvements in the in-house photo etching process has enabled the gaps between 
tracks to be reduced to O. I mm with a reasonable degree of accuracy. Dipole 3 utili ses 
this upgraded facility to implement a C PW feed that has a centre track width of 2mm 
and a 0.1 mm gap either side. This gives a CPW characteristic impedance close to 
50n. The use a of 0. 1 mm gap in the CPS also reduces its characteristic impedance 
closer to that of the resonati ng dipole. 
The fina l change implemented in Dipole 3 is the size of the substrate. Simulations 
show that increa ing the separation di stance between the dipole and the top edge of 
the substrate improves the match in the OFF state. The increased separation IS 
probably reducing any reflected surface waves from the edge of the substrate. 
The antenna is simulated in Micro-stripes using a number of different conductivities. 
The li st of conductivities and corresponding perrnittivities used in the simulations are 
given in Table 4-2 and their resulting return loss results are gi ven in Figure 4-43. 
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Figure 4-43 - S imulated change in antenna resonance frequen cy with increasing silicon 
conductivity (in S/m) 
Plasma Density (/cmJ) Conductivity (S/m) Relative Permittivity 
4.77x I0IS 150.45 10.03 
3.56x I OIS 112.28 10.48 
2.30x I OI S 72.39 10.95 
1.34x 10lS 42.34 11 .30 
9.IOx 1014 28.67 11.46 
5.33x 1 014 16.78 11.60 
1.83x I 014 5.76 11.73 
8.82x 1013 2.79 11.77 
2.92x 1 OU 0.93 11.79 
1.1 Ox 1 013 0.36 11. 796 
7.71 x 1OII 0.0352 11 .80 
Table 4-2 - List of conductivities and corresponding permittivities used to sim ulates s ilicon 
switches on Dipole 3 
From the simulated results, a resonance frequency change from 3.283GHz when the 
switches are OFF to 2.27GHz when the switches are fully ON is observed. This is a 
frequency shift of 30.8% from OFF to ON, the largest freq uency shi ft achieved so far. 
The -I OdB bandwidths in the OFF and ON states are 10.9% and 13.4% respectively . 
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With changing switch conductivity, the resonance frequency shi fts as observed with 
Dipole 2. There is gradual de-tuning at 3.28GHz followed by an improvement in the 
antenna match at 2.27GHz. 
The interference on the S II in the OFF state caused by the feed resonating has been 
eliminated by shortening the feed length. Unfortunately, as one resonance moves up 
in frequency, another appears at the lower range as seen at 1.4GHz in Figure 4-43. 
4.6.2 Measurements and analysis 
The measured return loss results for Dipole 3 are presented in Figure 4-44. The trend 
observed with increasing optical power shows good agreement with the simulated 
results. 
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Figure 4-44 - Measured change in antenna resonance frequency with increasing optical power (i n 
mW) 
The measured resonance frequency shift from both switches OFF to ON is from 
3. 13SGHz to 2.28GHz. This is a frequency shift of 27.3% from OFF to ON, 3.S% 
less than the predicted result. The - IOdS bandwidths in the OFF and ON states are 
11.9% and 9.9% respectively. The changes in Sll at the two resonance frequencies 
(2.28GHz and 3.1 3SGHz) with increasing optical power are plotted in Figure 4-45. 
The optimum match in the ON state is achieved at 20mW, after which the match 
deteriorates to - ISdB with increasing optical power. The best match at 3. 13SGHz is 
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achieved when the switch is OFF and the best isolation is achieved when using 
200mW. A similar trend is al so observed with Dipole I but not dipole 2. 
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Figure 4-45 - C hange in SII at the ON (2.28GHz) and OFF (3. 135G Hz) freq uencies with 
increasing optica l power (mW) for dipole 3 
The input impedance shows when the switches are placed closer to the centre feed, the 
reactance is no longer on at resonance. [n the case of the first balun design, 
shortening the dipole caused the antenna resonance to move closer to the resonance 
caused by the feed length. The combination of the two resulted in a inductive 
reactance at resonance. In contrast, in the case of the second balun design, the cenlre 
feed of the CPW is shorted to ground after the open circuit stub resulting in the 
removal of the resonance caused by the feed length. Consequently, the input 
reactance appears more capacitive. In Dipole 2, this prevents the imaginary part of 
the input impedance line reaching on, which is a necessary requirement for a true 
dipole resonance. However, with increasing optical power the reactance at resonance 
tends towards on and thus the match improves. 
The input reactance of Dipole 3 is less capacitive as a result of the shortened CPS feed 
length. For this antenna, at each optical power a zero reactance point exists but the 
corresponding resistance is 50n only for a certain optical power. For dipole I, it was 
5mW and for dipole 3 it is 20mW. As the optical powers increase beyond these 
values, the input resistance changes from 50n and so the match degrades. 
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The boresight measured garn at different optical powers is given 111 Figure 4-46. 
There is a O.3dBi drop in gain at 3 .13GHz when the switches are fully activated and a 
simultaneous 3.2dBi increase in gain at 2.28GHz. The gains at the upper and lower 
frequency ranges are relatively low compared to Dipole 2. As with the previous 
design, the gain drops when using optical powers below I m W. When the switches 
are in this highly absorptive state, the antenna is inefficient. With increasing light 
intensity beyond ImW, the efficiency of the silicon switches also increases and so 
does the antenna Gain. 
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figure 4-46 - Change in boresight gain with increasing optical power (in mW) 
The gain in the OFF state is higher than that achieved in the ON state. This is most 
likely due to the increased directivity of the antenna in the OFF state. From Figure 
4-42 it can be seen that when the switches are OFF, the total width of the CPW 
ground planes is comparable to the dipole length. This seems to reduce the backward 
radiation as more energy is reflected forward off the ground planes. This is observed 
in the non-symmetrical radiation pattern given in Figure 4-48. Compared to the back 
radiation in the ON state (see Figure 4-49), the OFF state radiates less power 
backwards. The H-plane cut also becomes more directional. When the switches are 
fully activated, the antenna gain at the OFF frequency is higher than that at the ON 
frequency. This is because the antenna becomes more directi ve with increasing 
frequency [4]. Overall, the higher gain achieved by this antenna compared to a 
standard dipole (2. 15dBi) is due to the increased directivity. 
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(c) 
Figure 4-47 - Surface current and surrounding elect ric field on the left dipole arm when the 
switch is (a) fully ON, (b) OFF and (c) removed from the gap 
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Figure 4-47 shows the surface currents on the left dipole arm along with the 
surrounding electric field for when the switch is (a) full y ON, (b) OFF and (c) 
removed from the gap. In the ON state, the surface current and surrounding electric 
field resemble that of a full length dipole. Comparing (b) and (c), it is clear that there 
is increased coupling across the gap when the si li con is present. Figure 4-47(c) has a 
stronger electric field around the shortened dipole ann compared to Cb). 
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Figure 4-48 - Si mul ated E and H-Plane co-polar pattern cuts for switched dipole in the OFF state 
(3.13GFlz) 
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Figure 4-49 - Simulated E and H-Pla"e co-polar pattern cuts for switched dipole in the ON state 
(2.28G Bz) 
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The s imulated Dipole 3 shows a well balanced radiation pattern in the ON state which 
compares very well to the measured E-p lane cut in Figure 4-51. The measured OFF 
state pattern shows good symmetry in the hori zontal plane but not the vertical plane. 
The simulated result predicts a reduced rear pattern but appearance of side lobes at 
± 1200 is most likely due to increased coupling to the anechoic chamber measurement 
fixture at thi s high frequency range. 
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Figure 4-50 - Measured E-Plane co-polar pattern cut for switched dipole in the OFF state 
(3 .13GI-Iz) 
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Figure 4-51 - Measured E-Plane co-polar pattern cut for switched dipole in Ihe ON state 
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The final analysis of the dipole is based on activating each switch individually. 
Measured and simulated S 11 results obtained from switching ON only each arm 
individually are given in Figure 4-52. The measured retum loss for both switches ON 
and OFF are also included for reference purposes. 
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Figure 4-52 - Resonance frequency of the antenna under different switching combinations 
The general agreement between the measured and simulated results is good. The left 
switch activation yields a better match compared to the right switch. This is maybe 
due to small unbalanced currents on the dipole arms or slight differences in the silicon 
dice positions and bonding. Nevertheless, both operational modes resonate at roughly 
2.7GHz and have - IOdB bandwidths of9% - 11 %. 
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Figure 4-53 - Boresight ga in of antenna under different switching comb inations 
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Figure 4-53 shows the boresight gain achieved through all four operating modes. 
Between 2.40Hz and 3.40Hz, the gain for activating left and right switches 
individually is very similar. The peak gain achieved at about 2.70Hz is 3.1dBi. 
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Figure 4-54 - Simulated and measured E-plaue radiatiou patteru co-polar cuts when ouly the left 
switch is ON (2.7GHz) 
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The simulated and measured E-plane cuts for the for the individual switching modes 
are given in Figure 4-54 and Figure 4-55. Activating only the left switch, the beam 
tilts left by r and conversely, activating only the right, the beam tilts right by 11 0 
(note - the radiation patterns are plotted from the -z to +z perspective). The 'squint' 
in the pattern also gives rise to a much larger shift in nul1s. There is a 45° shift in the 
pattern nul1s when switching from one silicon switch to another. This change in 
pattern is due to the unbalancing of the dipole causing radiation from two closely 
placed different length monopoles. 
There is generally good agreement between the simulated and the measured patterns 
except for a side lobe that appears only in the measurements at -1000 for left switch 
activation and + 1 00° for right switch activation. Possible interference from the plastic 
clamps holding the fibre optic cables in place is removed by bridging-over one silicon 
switch with copper tape and re-measuring the antenna without the clamps. As this 
side lobe is present in both cases, it is possibly due to the properties of the anechoic 
chamber and the antenna measurement fixture. 
As the gain at boresight is high, even with a tilted beam, the antenna could be used at 
2.7GHz as wel1 as the two other resonant frequencies produced by both switches ON 
and both OFF. This would in effect create a tri-bad antenna. 
4.7 Conclusions 
A uniplanar balanced dipole antenna, capable of shifting frequency with a 
corresponding change in antenna gain has been successful1y built and tested. 
Frequency shifting has been achieved by optical1y activating silicon switches placed 
over chamfered gaps in the arms of the dipole. When switched ON, the silicon 
bridges the gaps and the dipole length is extended, lowing the resonant frequency. 
The antenna was first simulated in a 3 D modelling package. The switch properties 
(permittivity and conductivity) were defined using the values derived in chapter 2 and 
later tested on microstrip transmission lines in chapter 3. Increasing the silicon 
. conductivity has the same effect as increasing the optical power illuminating the 
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switches during measurements. A resonance frequency shift of 27% is observed in 
the measurements. 
Experiments show that shift in antenna resonant frequency can be achieved with low 
optical powers but boresight gain measurements indicate that high powers are 
necessary for the switched ON antenna to replicate the performance of a full length 
dipole. At optical powers below Im W, the silicon switches are lossy and this is 
reflected in the low antenna gain. The addition of the silicon causes a noticeable 
lowing of the resonant frequency compared to a shorter length dipole. This increased 
coupling across the tapered gap was also observed in the switched transmission line 
presented in chapter 3. 
Measured E-plane radiation pattems show good symmetry about the boresight axis 
and no interference from the fibre optic cables is observed. 
The study has also highlighted the possibility of tilting the beam by activating each 
switch individually. In doing so, the antenna resonates at a frequency that bisects the 
ON and OFF frequencies. Even with a tilted beam, the gain at boresight is about 
3.1dBi. The final antenna presented can therefore be used as a tri-band antenna 
resonating at 2.28GHz, 2.7GHz and 3.13GHz with above 3dBi gain at all three 
frequencies. 
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5 Conclusions and future work 
Photoconductivity in semiconductors, that is the change in electrical conductivity with 
illuminating optical power, is a well researched topic [1, 2]. Near infra-red light 
incident on silicon has sufficient energy to free bound electrons, enabling them to 
partake in conduction currents. Following theory presented by Kraus [3], Balanis [4] 
and Lee et al. [5], this study has shown how to relate the free carrier density in n-type 
doped silicon to its permittivity and effective conductivity. Limiting factors such as 
free-carrier recombination mechanisms and the decrease in carrier mobility are 
omitted from the model and as a result an unlimited rise in effective conductivity is 
observed with increasing plasma density. 
A switched transmission line that utilises an optically activated silicon switch on a 
chamfered gap was extensively investigated in a 3D modelling package. Past 
literature contains many instances of photoconductive switching of microstrip 
transmission lines [6, 7] and coplanar waveguides [8]. These methods suffer from 
lack of containment of the generated plasma and restricts the choice of substrate to a 
photoconducting semiconductor. Placing a silicon dice on top of a gap in a 
transmission line, the choice of substrate material becomes immaterial. A chamfered 
gap was shown by Chauraya [9] to give the lowest insertion loss in the ON state 
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( > -ldB) while maintaining acceptable isolation in the OFF state ( < -15dB). The 
perfonnance of the switched transmission line was thoroughly investigated in Micro-
stripes, where silicon switches were defined as blocks of dielectrics whose 
pennittivity and conductivity were derived from the equations described previously. 
The simulated model was constructed and a silicon dice fixed in place using silver 
loaded epoxy. Varying the optical power delivered to the switch using a fibre optic 
coupled laser, S-parameter results were gathered for comparisons with simulations. 
Measurements show at 2Ghz, the isolation in the OFF state is 15.6dB and the 
insertion loss in the ON state is O.68dB. By careful choice of pennittivity and 
conductivity pairs, the model's S-parameter results were matched to the 
measurements, thus equating an equivalent model conductivity to each optical power 
used. In effect, it was possible to predict the effective free carrier densities in the 
silicon for each of the optical powers used to illuminate the switched transmission 
line. In reality, the surface illumination is expected to cause varying plasma density 
throughout the dice but the values derived in this study are representative of the whole 
dice and give equivalent results when used in the 3D modelling package. For 
example, the silicon dice in the OFF state is expected to have a plasma density of 
7.708xl011 fern3 giving an effective conductivity of O.035Sfm and under 200mW of 
optical illumination, the equivalent plasma density is 4.78xl01S fern3 giving an 
effective conductivity of 150.45S/m. 
S-parameter measurements of the switched transmission line indicated deteriorating 
perfonnance with decreasing frequency. The switch appears to have poor DC 
conduction. It has been shown that a Schottky barrier fonns at the metal-
semiconductor interface if the work function of the metal is higher than that of the 
semiconductor. In practice, a good Schottky barrier is only fonned on a clean and 
polished semiconductor surface where intimate contact between the materials is 
achieved through metal deposition. Since both sides of the silicon wafers are 
passivated (thennally oxidised), it is highly unlikely that a Schottky barrier is fonned 
at the copper-silicon interface. At a microscopic level, the surface of the copper track 
is not smooth and so intimate contact with the polished silicon dice will not be 
achieved. In any event, as the oxide passivation is 200nm thick, this will fonn an 
effective insulating layer between the silicon and the copper track. 
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Instead, it is expected that a major part of the conduction occurs through the sides of 
the silicon dice where the silver epoxy contacts the silicon. These regions are neither 
polished nor passivated. The diamond saw used to cut the silicon wafers into small 
pieces results in rough surfaces compared to the polished top and bottom surfaces. 
Rough surfaces have a very high density of surface states and this is more likely to 
prevent the formation of a Schottky barrier between the silver epoxy and the silicon. 
However, when viewed under the Scanning Electron Microscope (SEM), it can be 
seen that the individual flakes of silver ( -5~m pieces) only make superficial contact 
with the silicon surface and grease and dirt can be seen in the contact region. This is 
likely to lead to a high contact resistance. 
Even with the known issues of poor ohmic contacts, the optical switch performs very 
well specially in conjunction with the optimised chamfered gap topology. However, 
future developments on the switch would need to involve improvements to the ohmic 
contact. Thermal oxide passivation is an essential process in reducing surface 
recombinations but only the top surface of the silicon wafer should be passivated and 
polished. Conversely, the surface state density on the underside should be maximised 
to prevent the formation of a Schottky barrier when in contact with a metal. This is 
normally achieved through sandblasting the silicon wafer. 
Further improvements to the ohmic contact can be made by heavily doping the 
interface region in the silicon dice. This is an established technique used widely in 
industry when a good ohmic contact is needed between a semiconductor and metal. A 
thin doped region (doping concentration of about 1019 - 1021 fcm3) between the 
silicon and the metal allows free carriers to easily tunnel through the potential barrier 
that may exist as a result of the differences in work functions. Ideally, both left and 
right sides of the dice should be doped to allow better contact with the silver epoxy as 
well as the sections of the underside which overlap the copper track. In practice, it 
would be extremely difficult to dope the sides of the switch after the wafer has been 
diced. Normal practice is to dope the required pattern on to the silicon wafer using a 
mask before cutting it down to size. Even if only the underside is doped, there should 
be a noticeable improvement in the ohmic contact between the copper track and the 
silicon dice. 
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The best ohmic contact is expected when the metal is in intimate contact with a highly 
doped rough surface. Therefore, the final step towards lowering the contact resistance 
is to deposit the metal directly onto the silicon dice in the regions where it comes into 
contact with the silver epoxy and the copper track. This can normally be achieved 
through evaporation, sputtering or chemical deposition [10]. Care must be taken not 
to contaminate the passivated top surface and to leave a large enough gap on the 
underside. Prior to metal deposition, the silicon dice will be cleaned to remove dirt, 
grease and thick oxide layers. Even after cleaning, a thin oxide layer (10-20 
Angstroms) will always remain due to the speed of oxidation in the open 
environment. Studies have shown this thickness poses no obstacle to electrons as it is 
easily tunnelled through and may in fact be beneficial in that it prevents the metal 
from chemically reacting with the silicon [10]. 
Some of the mentioned design modifications maybe difficult to implement and some 
can be carried out whilst processing the silicon wafer. One possible future design for 
an future optically activated switch is presented in Figure 5-1. A marked 
improvement in DC performance is expected, which may translate to higher RP 
transmission in the ON state. This should allow the chamfered gap to be widened, 
improving the isolation in the OFF state. 
Passivated & Polished top surface 
Deposited metal 
on rough surfaces 
Highly doped region 
Silicon dice 
Deposited metal 
on rough surfaces 
Figure 5-1- One possible future switcb design 
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Embedding switches in dipole antenna anns for the purpose of frequency tuning has 
been attempted in the past with varying degree of success. In [11], Laheurte uses 
eight pin diodes in a CPW -fed slot antenna to achieve tuning between four distinct 
frequencies, but the E-plane radiation patterns show distortions that could be caused 
by biasing lines. Kolsrud et al. [12] electronically tune a CPW fed printed dipole 
using varactor diodes and again asymmetrical E-plane patterns about the boresight 
axis are observed. 
In this study, for the first time, frequency shifting of a uniplanar dipole antenna is 
achieved using optically activated silicon switches, while maintaining perfectly 
balanced forward radiation patterns. Compared to other designs that utilise 
semiconductor based devices as electronically controlled switches, the optically 
activated switches used here are easily produced by dicing high resistivity silicon 
wafers. As the switches are activated using light from fibre optic cables, any 
possibility of electromagnetic interference caused by electric biasing lines is removed 
and perfect electrical isolation is achieved. Although the present optical switch was 
not tested at high powers, Auston et al. [13] suggest power ratings of 200W CWor 
perhaps 1 kW pulsed could be achieved for high resistivity silicon. An avenue for 
future work could involve establishing the RP power handling capability of the silicon 
switch. The non-linear property of most semiconductor devices limits their power 
handling, causing intermodulation interference. If the metal-semiconductor contact in 
the silicon switch can be improved to a good ohmic contact, a high level of linearity 
may be possible. This would be advantageous in base station antennas where 500W 
of RP powers are common place, and other high power applications. 
Previously described investigations on the switched transmission line enabled various 
optical powers to be equated to equivalent conductivity and permittivity values to be 
used in the modelling environment. Using the same conductivity and permittivity 
values, the CPW-fed CPS dipole antenna was simulated in Micro-stripes. The general 
return loss trend observed with increasing conductivity matched that of the measured 
antenna under increasing optical illumination. Predicted radiation patterns also show 
good agreerrient with measured patterns, although small discrepancies have been 
noticed in the measured rear pattern, possibly caused by coupling to the antenna 
measurement fixture in the anechoic chamber. In the final prototype, good symmetry 
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is observed in the E-plane about boresight suggesting a well balanced feed has been 
achieved. 
The feed to the antenna has been a critical part of the design. A wideband CPW to 
CPS balanced transition suggested by Tilley et al. [14] proved to be unsuccessful at 
providing a balanced feed to the centre-fed printed dipole [15]. Instead, a CPW to 
Slotline transition utilising aT-junction [16] was used giving noticeably improved 
results [17]. The S 11 match at each reconfigurable frequency was optimised through 
careful design of the CPW and CPS feeds. Constraints imposed by poor 
manufacturing tolerances meant that a perfectly matched feed was not possible, 
Instead, through careful selection of CPW and CPS feed lengths and widths, SII 
better than -15dB was achieved for both operational states. 
Careful design of the CPW ground plane was also needed to minimise interference to 
the figure-of-eight radiation pattern. However, in applications where only forward 
radiation is necessary, widening the CPW ground plane has the beneficial effect of 
reducing back radiation and increasing the boresight gain, while maintaining a well 
balanced pattern in the forward direction. This allows the uniplanar design of the 
antenna to be maintained without the need for an orthogonal reflector at the back of 
the antenna. 
A clearly observed trend in all the antenna prototypes is that a relatively low optical 
power adequately shifts the resonance frequency but powers reaching 100mW to 
200m W are needed for the boresight gain to resemble that of a full length dipole. It 
has been shown that silicon is very lossy under low levels of optical illumination. 
This tends to improve with increasing optical power. At low optical powers, the 
switches embedded in the dipole arms dissipate the input energy and as a result less 
radiation occurs. This is apparent by the reduction in gain. With increasing optical 
power, the lossy nature is reduced allowing more current to pass through the switch. 
At very high optical powers (- 20OmW), the observed boresight gain is comparable 
with that of a full length dipole (without defects in the arms), suggesting the 
chamfered gap has been adequately bridged. 
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The high optical powers needed to achieve good results is a major factor that needs 
addressing if the silicon switch is to progress into commercial systems. It is 
envisaged that the suggested improvements to the ohmic contact should reduce the 
optical power needed for good switching. Another possible solution would involve 
changing the passivation to increase the surface carrier lifetime. This would improve 
the conductivity in the ON state but has the side effect of reducing the speed of the 
switch, as it will take longer for the freed carriers to recombine. At present, the 
silicon switch has a rise time of 8.1 I-Is and a fall time of 137.6I-1s in response to a pulse 
of near infra-red light. The high carrier lifetime contributes to the long switch OFF 
time. The high switch capacitance caused by the poor ohmic contact, as highlighted 
by the equivalent circuit, may also be contributing to the slow switch OFF speed. 
Therefore, improving the ohmic contact may also improve switching speeds. 
With 200mW of optical power incident on a passivated 300/-lffi silicon wafer, it was 
found that about 25 - 30% of the light is reflected off the surface while 5% of the light 
is transmitted through the disk. This suggests the illuminating wavelength is not 
matched to the silicon thickness for optimum absorption. At the time of constructing 
the light delivery system, the operating wavelength was limited to 980nm by the 
availability of affordable high power laser diodes. However, if the ohmic contact is 
improved and the power requirement is reduced, low power sources such as LEDs 
with lower wavelengths may provide a better solution. Platte [18] suggests a 
wavelength of 860nm for maximum photosensitivity in silicon. An Anti-reflective 
coating matched to !4 wavelength of the incident light would normally reduce 
reflections from perpendicular incidence. However, as perpendicular incidence 
cannot be guaranteed and the refractive index of silicon changes with increasing 
conductivity, the potential gain of using an anti-reflective coating may not be 
substantial. Nevertheless, anti-reflective coatings in Solar Cells have been reported 
using Si02/SiN and so this may require further investigation [19]. 
. , 
The glass fibre optic cables used in this study have a diameter of Imm and so are 
quite inflexible. The size of the fibre was limited by the focusing capability of the 
lenses and the wide aperture of the high power laser. If less power is needed, thinner 
fibres maybe used allowing greater flexibility. Fibres could be attached directly onto .. 
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the silicon dice with transparent glue or light guides could be used to deliver the light. 
These are possible avenues for future work. 
Apart from the presented frequency reconfigurable antennas, the silicon switch 
investigated in this study has already been applied to an Electromagnetic Band Gap 
(EBG) structure with an optically reconfigurable stop band [20]. A patent is pending 
on the design of the optically activated microstrip transmission line [21]. Results 
from this thesis has been presented at two intemational conferences [15, 17] and have 
been submitted to a major intemational journal [22]. Research is also progressing on 
an optically controlled phase shifter for a beam scanning array. 
As this study has demonstrated optically controlled silicon switches on a dipole 
antenna can be successfully simulated in a 3D modelling package, future antenna 
designs employing the same switches should also yield accurate simulated results. 
For example, by including four optical switches on the dipole (two on each arm), four 
different resonant frequencies can be obtained and larger beam tilting could be 
achieved. Zhang et al. presents a reconfigurable array that uses switches on parasitic 
elements either side of a microstrip antenna to steer the beam [23]. The copper tape 
used to bridge the gaps for proof of concept could be easily replaced with these 
optical switches. A dual-polar dipole antenna can be realised by combining two 
orthogonal centre-fed dipoles and optically controlling which of the two dipoles are 
connected to the feed lines. 
Applications of this work will be mainly in areas where Iow electromagnetic 
interference (EMI) is a major design consideration. For example, large switching 
arrays are notoriously difficult to bias using traditional copper lines without causing 
performance degradation. Using fibre optic cables to bias silicon switches would 
completely remove EMI. For applications where higher isolation is required, two 
silicon switches could be placed in series. Probe antennas, used in anechoic chambers 
where EMI must be eliminated, could be made reconfigurable using silicon switches 
and fibre optic cables in order to increase their functionality and reduce interference. 
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Undoubtedly, there is a major advantage in using optically biased silicon switching in 
interference sensitive environments. Incorporation of optical switching can only lead 
to novel solutions in modern communications systems. 
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